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Orchids are one of the most popular cut-flowers and potted-plants in the world. Hence, it 
is economically important to generate novel orchid varieties with improved 
characteristics. As traditional orchid breeding methods are time-consuming, genetic 
transformation using the characterized genes has been applied to manipulate specific 
traits of orchids. To facilitate genetic engineering of orchids, we have characterized 
orchid genes involved in key developmental processes.  
 
In this thesis, we report two genes, DOSOC1 and DOGAI, which are involved in the 
control of flowering time and the phytohormone gibberellin (GA) signaling in the orchid 
Dendrobium Chao Praya Smile, respectively. DOSOC1 encodes a MADS-box protein 
orthologous to SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) in 
the model plant Arabidopsis. DOSOC1 was highly expressed in reproductive organs, 
including inflorescence apices, pedicels, floral buds, and open flowers. Overexpression 
of DOSOC1 resulted in early flowering in wild-type Arabidopsis plants and partially 
complemented the late-flowering phenotype of Arabidopsis soc1-2 loss-of-function 
mutants. Furthermore, we successfully created several 35S:DOSOC1 transgenic 
Dendrobium orchid lines, which consistently exhibited earlier flowering than wild-type 
orchids.  
 
DOGAI encodes a DELLA protein that acts as a negative regulator in the GA signaling 





DOGAI in Arabidopsis and Dendrobium orchids displayed GA-deficient phenotypes, 
including dark-green leaves and dwarf stature. In addition, the GFP-DOGAI fusion 
protein was degraded rapidly by GA treatment. These results suggest that SOC1-like 
genes and DELLA-like genes play evolutionarily conserved roles in controlling 
flowering time and GA signaling in orchids, respectively. 




LIST OF TABLES 
 
Table 1. Expression of putative floral organ identity genes in orchids 27 
Table 2. Putative flowering time genes in orchids 43 
Table 3. Orchid transformation by particle bombardment 56 
Table 4. Agrobacterium-mediated transformation in orchids 60 
Table 5. Other gene transformation methods used for orchid transformation 62 
Table 6. Primers for molecular cloning of DOSOC1 and DOGAI 81 
Table 7. Primers for Semi-quantitative RT-PCR 90 
Table 8. Primers for real-time RT-PCR 92 
Table 9. List of plasmid or primers for synthesis of in situ probes 101 
Table 10. The identified SOC1 orthologs in various plants 156 







LIST OF FIGURES 
ix 
 
LIST OF FIGURES 
 
Figure 1. Main flowering genetic pathways and the floral pathway integrator 
SOC1 
4 
Figure 2. The modular structure of a MADS-box protein 9 
Figure 3. Schematic representation of a DELLA protein 13 
Figure 4. Model of the interactions of the established GA signaling 
components 
15 
Figure 5. The structure of a Dendrobium flower 24 
Figure 6. Selection of Dendrobium Chao Praya Smile calli on KC medium 
containing 2 µM L-methionine sulfoximine (MSO) for four weeks 
68 
Figure 7. Amino acid sequence alignment of SOC1 in various plant species 77 
Figure 8. Sequence alignment of DELLA proteins from several plants 78 
Figure 9. Protocorm status after a period of co-cultivation with Agrobacterium 109 
Figure 10. Alignment of the amino acid sequences of DOSOC1 and its 
orthologs from other plant species 
114 
Figure 11. Phylogenetic analysis of DOSOC1 and its orthologs from various 
plant species 
116 
Figure 12. Main developmental stages during in vitro cultivation of orchid 
Dendrobium Chao Praya Smile from PLB formation to flower 
development 
118 
Figure 13. Quantitative analysis of DOSOC1 expression in various tissues and 
at different developmental stages of Dendrobium Chao Praya Smile 
120 
Figure 14. In situ localization of DOSOC1 transcripts in shoot apices of 
Dendrobium Chao Praya Smile 
121 
Figure 15. Overexpression of DOSOC1 in Arabidopsis causes early flowering 123 
Figure 16. Overexpression of DOSOC1 in Arabidopsis upregulates AGL24 and 
LFY 
125 
Figure 17. Medium optimization for seeds germination 128 
LIST OF FIGURES 
x 
 
Figure 18. Medium optimization for protocorm growth of Dendrobium Chao 
Praya Smile 
129 
Figure 19. Medium optimization for growth of calli of Dendrobium Chao Praya 
Smile 
130 
Figure 20. In vitro flowering and production of complete and incomplete 
flowers 
132 
Figure 21. Genetic transformation of Dendrobium Chao Praya Smile using the 
MSO selection system 
134 
Figure 22. Genotyping of 35S:DOSOC1 in Dendrobium Chao Praya Simle 136 
Figure 23. Comparison of flowering time of wild-type and 35S:DOSOC1 
transgenic orchids 
137 
Figure 24. Overexpression of DOSOC1 in Dendrobium Chao Praya Smile 
accelerates flowering 
138 
Figure 25. Alignment of the amino acid sequences of DOGAI and its orthologs 
from other plant species 
140 
Figure 26. Phylogenetic analysis of DOGAI and its orthologs from various plant 
species 
143 
Figure 27. Various tissues of Dendrobium Chao Praya Smile and 
Semi-quantitative analysis of DOGAI expression in various tissues 
145 
Figure 28. Overexpression of DOGAI in Arabidopsis led to the dark-green 
dwarf phenotype 
146 
Figure 29. Genotyping of 35S:DOGAI in Dendrobium Chao Praya Simle 148 
Figure 30. Overexpression of DOGAI  in Dendrobium Chao Praya Smile causes 
the phenotypes dark-green leaves and dwarf stature 
149 






LIST OF ABBREVIATIONS AND SYMBOLS 
xi 
 
LIST OF ABBREVIATIONS AND SYMBOLS 
 
Chemicals and Reagents  
AS  acetosyringone 
BA 6-benzyladenine (benzylaminopurine) 
Carbenicillin carbenicillin disodium 
dNTP deoxynucleoside triphosphate 
GUS β-Glucuronidase 
Kanamycin kanamycin monosulphate 
KC Knudson C 
MSO L-Methionine Sulfoximine 
NAA 1-naphthaleneacetic acid 
 
Units and Measurements  
bp  base pair(s) 
cm centimeter(s) 
°C  degree Celsius 
g  gram(s) 
g/l  gram(s) per litre 
hr  hour(s) 
kb  kilo base pair(s) 
m  meter(s) 
M  moles(s) per litre 
mg  milligram(s) 
mg/l  milligram(s) per litre 
min  minute(s) 
ml  milliliter(s) 
mm  millimeter(s) 
mM  millimole(s) per litre 
nm  nanometer(s) 
LIST OF ABBREVIATIONS AND SYMBOLS 
xii 
 
nt  nucleotide 
psi  pound(s) per square inch 
rpm  revolutions per minute 
sec  second(s) 
w/v  weight/volume 
μm  micrometer(s) 
μM  micromole(s) per litre 
 
Others 
2x35S promoter double cauliflower mosaic virus 35S coat protein gene 
promoter  
AS  anti-sense silencing constructs 
bar  bialaphos resistance gene 
CaMV  cauliflower mosaic virus 
dicots  dicotyledonous plants 
DNA  deoxyribonucleic acid 
DNase  deoxyribonuclease 
E. coli  Escherichia coli 
htp  hygromycin phosphotransferase 
GS  glutamine synthetase 
LUC  luciferase gene 
MCS  multiple cloning site 
monocots  monocotyledonous plants 
mRNA  messenger ribonucleic acid 
NCBI  National Centre for Biotechnology Information 
npt  neomycin phosphotransferase 
O.D.600  optical density measured at a wavelength of 600nm 
PAT  phsphophinothricin acetyl transferase 
PCR  polymerase chain reaction 
PLB  protocorms-like body 
PPT  phosphinothricin 
LIST OF ABBREVIATIONS AND SYMBOLS 
xiii 
 
RACE Rapid amplification of cDNA ends 
RNA  ribonucleotide 
RNase  ribonuclease 
T-DNA  transfer deoxyribonucleic acid region 
Ti  tumour-inducing plasmid 































The Orchidaceae family is one of the largest angiosperm families with more than 
25,000 identified species, 800 subspecies and 110,000 registered hybrids (Arditti, 
1992). It is recognized as an economically important commodity in the international 
floriculture industry due to its attractive flowers and long shelf life. Production of 
various orchid varieties is regarded as a million-dollar worth industry in some 
Southeast Asia countries, such as Thailand, Malaysia and Singapore (Chugh et al., 
2009). Particularly, Singapore contributes to approximately 15% of the world market 
share for cut orchids (Tan, 2006). In 2008, Singapore exported more than S$20 
million worth of fresh cut orchids (Too, 2009). Considering the important 
contribution of the orchid industry to the economy, it is worthwhile to devote efforts 
to generate more orchids of greater variety with high commercial value. 
 
Dendrobium is one of the largest orchid genera containing both epiphytic and 
lithophytic species. It exhibits a tremendous diversity in vegetative and floral 
characteristics and has high value hybrids as a floricultural commodity (Hawkes, 
1970; Jones, 1998). Local farms of Singapore have been concentrating on producing 
Dendrobium cut flowers for the past few decades (Lam-Chan, 2007; Wong, 2008). 
However, traditional methods of sexual hybridization and selection have some 
limitations. For example, orchids need long time to bloom, and the protracted 
selection period remains as the major barrier in the rapid production of new orchid 





manipulation of orchid genes to generate improved characteristics relevant to 
flowering time control, flower color control and flower longevity. 
 
1.2 Floral transition 
 
The floral transition from vegetative to reproductive phase is the most dramatic 
developmental switch in the life cycle of a flowering plant (Jiang et al., 2008). 
Determining the optimum timing of this transition for pollination and seed 
development is a major factor contributing to reproductive success. Three decades of 
molecular genetic analyses using Arabidopsis thaliana have revealed complex 
genetic networks for flowering that are mainly regulated by five genetic pathways, 
the photoperiod pathway, the gibberellin (GA) pathway, the vernalization pathway, 
the thermosensory pathway and the autonomous pathway (Blazquez and Weigel, 
2000; Simpson and Dean, 2002; Blazquez et al., 2003; Cerdan and Chory, 2003; 
Halliday et al., 2003). This network integrates the endogenous developmental state of 
the plant with environmental cues (e.g. day length and temperature) to precisely 
control the timing of the floral transition (Figure 1) (Boss et al., 2004; Liu et al., 
2007a; Turck et al., 2008). 
  
One of the most important factors controlling flowering time in temperate regions is 
the duration of the daily light period, or photoperiod. Arabidopsis is a facultative 



























Figure 1. Main flowering genetic pathways and the floral pathway integrator 
SOC1 
  
There are five pathways of floral transition: the photoperiod pathway, the gibberellin 
(GA) pathway, the vernalization pathway, the autonomous pathway and the 
thermosensory pathway. The floral pathway integrators SOC1 perceives 
environmental and developmental signals through several flowering genetic 
pathways. During floral transition, the protein complex of FLC and SVP represses 
the expression of SOC1 and FT, while the complex of FT and FD promotes the 
expression of SOC1, AP1, and probably FUL. SOC1 and AGL24 directly upregulate 
each other’s expression and also form a protein complex at the shoot apex. (Boss et 







flowers under short-days conditions (SDs) (Putterill et al., 2004). In the photoperiod 
pathway, plants sense both light periodicity and quality. In the LDs, the 
circadian-regulated genes FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1), 
and GIGANTEA (GI) reach their peaks at the same time to form a protein complex to 
regulate CONSTANS (CO) (Sawa et al., 2007). Also, the stability of this protein 
complex is controlled by light wavelength. Hence, both information of light 
periodicity and quality are converged on CO, which governs all the output at the 
terminal of photoperiod. The CO mRNA level shows circadian pattern and is highly 
expressed at the end of the day in response to LDs. The co mutant shows the 
late-flowering phenotype in LDs, while plants overexpressing CO flower early in 
both LDs and SDs (Putterill et al., 2004). CO encodes a zinc-finger protein and acts 
as a floral promoter to activate the expression of two downstream floral pathway 
integrators, SUPPRESSOR OF OVEREXPRESSON OF CONSTANS 1 (SOC1) and 
FLOWERING LOCUS T (FT) (Samach et al., 2000).  
 
Gibberellins (GAs) belong to a large family of tetracyclic diterpenoid compounds 
that are essential regulators of plant growth and development (Hooley, 1994). The 
effect of GA on promoting flowering in Arabidopsis was first demonstrated by the 
application of exogenous GA, and subsequently exhibited by mutations that disrupt 
either GA biosynthesis or signaling (Langridge, 1957; Wilson et al., 1992; Putterill et 
al., 1995; Blazquez et al., 1998). Several mutations affecting GA biosynthesis or 





been cloned, such as GA1, GA INSENSITIVE (GAI), REPRESSOR OF ga1-3 (RGA), 
RGA-LIKE1( RGL1), RGL2 and RGL3. GA1 encodes copalyl diphosphate synthase, 
an enzyme that catalyzes the first committed step in GA biosynthesis (Sun and 
Kamiya, 1994). The corresponding mutant, ga1-3, is unable to flower under SDs and 
flowers later than the wild type under LDs (Wilson et al., 1992). On the contrary, 
transgenic plants containing elevated levels of GA 20-oxidase, an enzyme in the GA 
biosynthesis pathway, flowered earlier compared with wild-type plants under both 
LDs and SDs (Huang et al., 1998; Coles et al., 1999). Taken together, these results 
suggest that GA plays an indispensable role in promoting flowering. 
 
The vernalization pathway promotes flowering after plant exposure to prolonged low 
temperature (a typical winter condition) (Michaels and Amasino, 1999). There are 
three main genes involved in this pathway, including FLOWERING LOCUS C (FLC), 
VERNALIZATION 1 (VRN1), and VERNALIZATION 2 (VRN2). FLC, a MADS-box 
transcription factor that quantitatively inhibits the floral transition by repressing FT 
and SOC1, is a key component of the floral regulatory network and is mainly 
suppressed by the vanalization pathway (Michaels and Amasino, 1999; Sheldon et al., 
1999; Sheldon et al., 2000; Michaels and Amasino, 2001). Vernalization causes a 
series of repressive histone modifications at the FLC chromatin, which represses 
FLC expression (Amasino, 2005). For example, downregulation of FLC expression 
is mediated by VRN1 and VRN2 which maintain the histone methylation at the FLC 





The autonomous pathway promotes flowering by perceiving endogenous 
developmental signals (e.g. leaf number and plant size). Loss-of-function mutants, 
such as ld, mutant of LUMINIDEPENDENS and fld, mutant of FLOWERING 
LOCUS D, show late flowering under both LDs and SDs. The autonomous pathway 
comprises a combination of factors involved in RNA processing and epigenetic 
regulation that downregulate the floral repressor FLC via deacetylation of histone H4 
in the vicinity of the FLC transcription start site (Simpson, 2004). 
 
Besides above-mentioned pathways, recent studies have revealed a thermosensory 
pathway involved in flowering time control (Blazquez et al., 2003; Balasubramanian 
et al., 2006). FCA, FVE and FLOWERING LOCUS M (FLM) are components of this 
pathway and eventually regulate FT expression. Also, gene products participating in 
RNA splicing are affected by ambient temperature, showing a mechanism underlying 
which plants convert an environment signal into a molecular cue (Balasubramanian 
et al., 2006). 
 
In brief, the photoperiod and vernalization pathways control flowering time by 
mediating the environmental signals, such as day length and low temperature. The 
autonomous pathway regulates flowering by monitoring endogenous cues from 
different developmental stages. The GA pathway affects flowering particularly in SD 
conditions, while the thermosensory pathway regulates flowering by sensing the 





are closely linked and can compensate each other to certain extents in the control of 
flowering time. 
 
1.2.1 MADS-box genes 
 
 
MADS box is a conserved sequence motif found in a family of transcription factors, 
namely the MADS-box protein family (West et al., 1997). MADS-domain 
transcription factors play key roles in the development of higher eukaryotes. Their 
characteristic feature is the N-terminal MADS-domain, which is responsible for 
DNA binding and is highly conserved among fungi, animals, and plants. In plants, 
the genome of Arabidopsis encodes over 100 MADS-domain transcription factors, 
categorized into five phylogenetic subgroups, namely M , M , M , M  and MIKC 
(Alvarez-Buylla et al., 2000). Studies on the plant MADS-box genes have been 
mainly focused on the MIKC type, whose members have a similar modular structure 
(Riechmann and Meyerowitz, 1997; Parenicova et al., 2003). The MIKC type 
proteins contain a highly conserved domain of approximately 56 amino acids called 
MADS-box (M), a weakly conserved intervening region (I), a moderately conserved 
K domain (K) and a variable carboxyl-terminal domain (C) (Figure 2) (Kaufmann et 
al., 2005). MIKC-type MADS-box transcription factors are specific to plants and are 
essential for plant growth and development, such as vegetative growth, flowering 














Figure 2. The modular structure of a MADS-box protein 
 
The MIKC type proteins contain a highly conserved domain of approximately 56 
amino acids called MADS-box (M), a weakly conserved intervening region (I), a 








1.2.2 SOC1  
 
 
SOC1 encodes a MADS-box protein. SOC1 mRNA is expressed in leaves and shoot 
apical meristems, and its expression levels are tightly controlled by multiple 
flowering pathways (Borner et al., 2000; Lee et al., 2000; Samach et al., 2000; Moon 
et al., 2003; Wang et al., 2009; Shen et al., 2011). A protein complex consisting of 
two flowering repressors, FLC and SHORT VEGETATIVE PHASE (SVP), 
suppresses SOC1 expression at the vegetative phase, while several flowering 
pathways, including autonomous, GA and vernalization pathways, downregulate 
FLC and SVP, thus derepressing SOC1 during the floral transition (Helliwell et al., 
2006; Searle et al., 2006; Li et al., 2008). In the photoperiod pathway, CO, which 
plays a central role in mediating photoperiod-dependent flowering (Putterill et al., 
1995), activates SOC1 expression either directly or indirectly via another floral 
pathway integrator, FLOWERING LOCUS T (FT) (Samach et al., 2000; Hepworth 
et al., 2002; Wigge et al., 2005; Yoo et al., 2005). In the age-dependent pathway, 
miRNA156-targeted SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) 
transcription factors upregulate SOC1 (Wang et al., 2009), while the GA pathway 
particularly promotes SOC1 expression under non-inductive short-day conditions 
(Moon et al., 2003).  
 
SOC1 and another floral pathway integrator AGAMOUS-LIKE 24 (AGL24) directly 
regulate mutual mRNA expression at the shoot apex during the floral transition (Liu 
et al., 2008). Upon its interaction with AGL24, SOC1 protein is translocated into the 





conformational dynamics of these two proteins regulated by a PIN1-type parvulin 1, 
Pin1At, affects their protein stability in the nucleus (Wang et al., 2010). Furthermore, 
two recent studies on SOC1 DNA-binding profiles using ChIP-chip and ChIP-seq 
have revealed that SOC1 binds to its own promoter to activate the transcription 
(Immink et al., 2012; Tao et al., 2012). These observations suggest that SOC1 and 
AGL24 function together to mediate the integration of flowering signals perceived 
by them, which provides swift positive-feedback regulation of their mRNA 
expression required for the synergistic promotion of flowering when environmental 
and developmental conditions are permissible for the reproductive development. 
 
SOC1 belongs to the Tomato MADS-box gene 3 (TM3) clade of MADS-box genes, 
which comprises genes from dicots, monocots, and gymnosperms, indicating that 
SOC1-like genes may contribute to some ancestral functions relevant to vegetative 
development in addition to their known functions in flowering and flower 
development (Lee et al., 2000; Becker and Theissen, 2003; Cseke et al., 2003; 
Ferrario et al., 2004; Lee et al., 2004; Nakamura et al., 2005). Although SOC1-like 
genes have been isolated in a wide range of plant species (Lee and Lee, 2010), so far 
the accumulating research data are mainly their expression patterns and sequence 
information. Therefore, functional characterization of SOC1-like genes in various 
plants is considerably required for understanding their functional conservation and 
divergence during evolution.  
 
Orchids are member of the family Orchidaceae, which is one of the largest families 
of flowering plants. While orchids are major ornamental plants as popular cut 





hybridization and selection are too time-consuming to meet the increasing demand 
for rapid production of commercially valuable orchids. One major obstacle for 
orchid breeding is the prolonged vegetative phase before orchids switch to the 
reproductive development (Yu and Goh, 2001). Thus, elucidation of the molecular 
mechanisms of the floral transition in orchids is important for identifying key 
regulators required for targeted genetic manipulation of flowering traits in orchids. 
Although several attempts have been made to clarify orchid genes involved in the 
floral transition (Yu et al., 2000; Yu and Goh, 2000a; Yu and Goh, 2000b; Hsu et al., 
2003; Hou and Yang, 2009), SOC1-like genes and their effects on flowering in 
orchids are hitherto unknown.   
 
 
1.3 The GA signaling pathway 
 
 
Gibberellins (GAs) are a group of plant hormones that are essential for plant growth 
and development (Richards et al., 2001; Sun and Gubler, 2004; Fleet and Sun, 2005). 
GA regulates multiple processes of plant development, such as seed germination, 
elongation growth, flowering time, and floral development (Richards et al., 2001; 
Hedden, 2003). Most of the regulation occurs at the transcriptional level via the 
activity of the DELLAs. DELLA proteins are repressors of the GA signaling pathway 
and are characterized by a highly conserved N-terminal DELLA domain (Figure 3) 
(Dill et al., 2004; Willige et al., 2007). The highly conserved N-terminal domain is 













Figure 3. Schematic representation of a DELLA protein 
 
DELLA proteins that are characterized by a highly conserved N-terminal DELLA 
domain belong to the GRAS protein family. GRAS proteins contain variable 
C-terminal region, VHIID flanked by two leucine heptad repeats (LHR1 and LHR2), 





proteasome-dependent proteolysis process (Figure 4)(Moon et al., 2004; 
Schwechheimer, 2008).  
 
The process of GA-induced DELLA proteolysis is mediated by GA receptors. The 
GA receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1), encoding a soluble 
protein similar to hormone-sensitive lipases, was first identified by studying 
GA-insensitive dwarf rice mutants (Ueguchi-Tanaka et al., 2005). In Arabidopsis, 
three GID1 orthologs (GID1A, GID1B and GID1C) were identified and 
characterized as the major GA receptors. They have some overlapping but distinct 
functions in controlling various developmental processes (Griffiths et al., 2006; Iuchi 
et al., 2007; Willige et al., 2007; Suzuki et al., 2009). It has been shown that GID1 
receptors are involved in a GA-dependent interaction with DELLAs, which leads to 
degradation of DELLA proteins via the proteasome pathway (Griffiths et al., 2006; 
Nakajima et al., 2006; Willige et al., 2007). Also, it has been identified that 
SLEEPY1 in Arabidopsis and the F-box proteins GID2 in rice are components of 
SCF E3 ubiquitin ligase complexes. They target the DELLA-GID1-GA complex for 
proteasome-mediated degradation (McGinnis et al., 2003; Sasaki et al., 2003; 
Griffiths et al., 2006).  
 
1.3.1 GRAS protein family  
 
GRAS proteins are unique to plants and are members of a major protein family. Its 





                
 
 
            
 
                                           
 
 
Figure 4. Model of the interactions of the established GA signaling components 
 
GA, when bound to the GID1 GA receptor, induces the interaction of the GA 
receptor with DELLA proteins (DELLA). This event is followed by ubiquitylation of 
DELLA proteins via SCF
SLY1/GID2
 and their degradation by the 26S Proteasome (UBI, 
ubiquitin). How SCF
SLY1/GID2
 gains its DELLA protein specificity in response to GA 
binding is not clear. SPY1 may modify the DELLA repressors, which may be 
required for converting DELLA proteins into active growth repressors. (Current 








lily, rice and barley. The name of GRAS derives from the three origin members, 
GIBBERELLIC ACID INSENSITIVE (GAI), REPRESSOR OF GA1 (RGA), and 
SCARECROW (SCR) (DiLaurenzio et al., 1996; Peng et al., 1997; Silverstone et al., 
1998; Pysh et al., 1999; Bolle, 2004). Typically, GRAS proteins are composed of 
400-770 amino acid residues and exhibit considerable sequence homology to each 
other in their respective C-termini. GRAS proteins contain variable N-terminal 
regions, including VHIID flanked by two leucine heptad repeats (LHR1 and LHR2), 
PFYRE, and SAW motifs (Pysh et al., 1999; Bolle, 2004). According to the recent 
genome annotation (version 7.0), at least 33 GRAS genes are predicted in 
Arabidopsis (TAIR, http://www.arabidopsis.org).So far, only a few GRAS proteins 
have been characterized. However, it is becoming clear that GRAS proteins play 
important roles in various plant growth and development, ranging from GA signaling, 
root radial pattering, light signal transduction, to axillary shoot meristem formation. 
 
1.3.2 DELLA protein 
 
DELLAs belong to the plant-specific GRAS protein family and have been identified 
in many plant species (Pysh et al., 1999). In Arabidopsis, five DELLA proteins have 
been identified, namely GAI, RGA, RGL1, RGL2 and RGL3 (Peng et al., 1997; 
Silverstone et al., 1998; Lee et al., 2002; Wen and Chang, 2002; Tyler et al., 2004). 
These proteins have some overlapping but distinct functions in GA signaling 





late-flowering dwarfs phenotype (Peng et al., 1997; Silverstone et al., 2001; Fleck 
and Harberd, 2002; Itoh et al., 2002; Dill et al., 2004). It is very interesting to find 
that DELLA proteins functions are similar in rice (SLR1), wheat (Rht-B1b, Rht-D1b), 
barley (SLN1), maize (D8) and grape (VvGAI1), cotton (GhRGL) (Peng et al., 1997; 
Boss and Thomas, 2002; Chandler et al., 2002; Liao et al., 2009). Most of DELLA 
protein mutations show the dwarf phenotype, and the DELLA-related dwarf mutants 
were found in a woody tree crop of grape cultivar that show productive and 
semi-dwarfed phenotype (Boss and Thomas, 2002).  Therefore, the GA-insensitive 
dwarf phenotypes of DELLA mutants are highly conserved in various plant species 
(Peng et al., 1999; Chandler et al., 2002; Itoh et al., 2002; Hynes et al., 2003).  
 
Moreover, Arabidopsis plants ectopically expressing GA-insensitive alleles from 
other plant species, e.g. maize (D8-1 and D8-MP), barley (Sln1D) and wheat 
(Rht-B1b/D1b), show the dwarf phenotype and generate DELLA proteins insensitive 
to GA-induced proteolysis (Silverstone et al., 2001; Willige et al., 2007). Likewise, 
ectopic expression of GA-sensitive alleles of Arabidopsis DELLA genes results in 
the dwarf stature in tomato, tobacco, apple and other plant species (Chandler et al., 
2002; Marti et al., 2007; Zhu et al., 2008). Hence, the function of GA-insensitive 







DELLA proteins are localized to the nucleus, which is consistent with their presumed 
function as transcriptional regulators (Silverstone et al., 1998; Ogawa et al., 2000; 
Fleck and Harberd, 2002; Gubler et al., 2002). It has been shown that GA leads to the 
rapid disappearance of RGA, SLR1 and SLN1 from the nucleus. Deletion of the 
DELLA motif from these proteins prevents GA-induced degradation and causes a 
GA-insensitive phenotype when DELLAs without this motif are expressed in plants 
(Silverstone et al., 2001; Dill et al., 2001a; Dill and Sun, 2001b; Chandler et al., 2002; 
Gubler et al., 2002; Itoh et al., 2002). All these demonstrate that GA-induced DELLA 
degradation is the biochemical basis of DELLA function in GA signaling. Some 
studies have shown that DELLA proteins are destroyed via a SCF E3 ubiquitin ligase 
pathway (Fu et al., 2002; Sasaki et al., 2003; Dill et al., 2004; Fu et al., 2004). Taken 
together, DELLA proteins act as repressors of the GA signaling pathway. 
 
Dwarfism or reduced plant height is a desirable trait for many field crops and has 
been wildly used for crop improvement in plant breeding. Dendrobium orchid is one 
of the most popular ornamental flowers in the world. Generating new species (e.g. 
mini orchid) is very important to cater the increasing demand of the market. However, 
traditional genetic breeding and culturing of orchids is too time-consuming to meet 
the market demand. Therefore, understanding the dwarf mechanism is critical to the 
generation of mini orchids required by customers by genetic modification, which 
would further boost the orchid industry. So far, no dwarf genes have been isolated 






1.4  Project rationales and objectives 
 
Dendrobium is one of the most popular flowers in the world, especially in South East 
Asia.  Traditional methods of propagating orchid have some limitations, for example, 
it is not easy to obtain the desired characteristics of orchid and the protracted 
selection period remains the major barrier in the rapid production of new orchid 
varieties. Recent progress in molecular biology has facilitated the manipulation of 
orchid genes to generate improved characteristics. In this study, we characterized 
novel orchid genes involved in flowering time control and GA signaling, and applied 
genetic engineering method to modify the traits of Dendrobium Chao Praya Smile  
using the genes characterized.  
 
There are three major objectives in this study: 
 
The first objective is to identify SOC1-like and DELLA-like genes in Dendrobium 
Chao Praya Smile based on the conserved sequences derived from the comparison of 
orthologs of various plant species. PCR approaches using degenerate primers, 
followed by RACE (Rapid Amplification of cDNA Ends), were being used to isolate 
these orchid orthologous genes. 
 
The second objective is to characterize the function of these genes using various 





developmental stages was investigated using semi-quantative RT-PCR, real-time 
PCR and in situ hybridization. Furthermore, we overexpressed these genes in 
corresponding loss-of-function Arabidopsis mutants and wild-type plants to evaluate 
whether they have similar or novel functions as compared to their Arabidopsis 
orthologs. 
 
The third objective is to create transgenic orchids with overexpression of the isolated 
genes. After genetic transformation, we performed a series of molecular experiments, 
including genotyping PCR and RT-PCR, to detect the presence and expression of 
transgenes in orchids. We further grew transgenic orchids using the in vitro approach 
and examined their phenotypes. Through these methods, we investigated the function 
of these genes in orchids. The findings from these studies are not only important for 
understanding the function of these genes in flowering plants, but also useful for 



























2.1 Advances in molecular studies on orchids  
 
 
Orchids are one of the most popular families of cut-flowers and potted-plants in the 
world. Hence, it is economically important to generate novel orchid varieties with 
improved characteristics such as vibrant flower colors, long vase-life, unique shape 
and strong stress tolerance. As classical methods of sexual hybridization and 
selection for orchid breeding are time-consuming, genetic transformation technology 
has been applied to manipulate specific characteristics in orchids. In parallel, 
molecular studies on orchids have steadily advanced to furnish both gene resources 
and regulatory mechanisms for genetic modification of orchids. Here, we provide an 
overview of molecular studies on orchids over the past decade with a focus on the 
genes involved in orchid reproductive development, and discuss potential application 
of the derived knowledge in improving orchid floral characteristics through genetic 
engineering approaches. 
 




The Orchidaceae family is one of the largest angiosperm families, consisting of more 
than 25,000 identified species, 800 subspecies and nearly 110,000 registered hybrids 
(Arditti, 1992). Most of them occur in the mountains of South and Central America 
and the subtropical and tropical regions of Asia, although this highly-adaptive family 





regions and arid deserts. As such, orchids have highly diverse morphological and 
physiological characteristics. 
 
Unlike the blossoms of other angiosperms, orchid flowers have several unique 
characteristics (Figure 5). Most orchids have a single column or gynostemium that is 
a fused structure of the stamen, styles and stigmas. Pollen grains are bound into 
masses to form the pollinia for effective pollination. Sepals in orchids usually 
develop as petaloid structures. The labellum, also known as the lip, often replaces the 
median petal that is located opposite to the column. It is usually variable and showy 
in order to attract prospective pollinators. These features help to attract pollinators to 
the flowers to aid in the transfer of pollen grains.  
 
As orchids are one of the most popular families of cut-flowers and potted-plants in 
the world, it is economically important to generate more varieties with an assortment 
of floral characteristics, such as vibrant flower colors, unique shape and long 
vase-life, to meet consumer demand. However, so far it is difficult and 
time-consuming to use classical breeding methods of sexual hybridization followed 
by selection of variants and polyploids to specifically produce desired orchid traits.  
 
With the advancement of molecular biology techniques in the last two decades, their 
application in the generation of new orchid varieties has become a realistic practice. 
Molecular studies on orchids have provided gene resources and regulatory 
mechanisms that are important for genetic modification of orchids through various 
transformation methods, such as particle bombardment and Agrobacterium-mediated 









Figure 5. The structure of a Dendrobium flower 
A Dendrobium flower demonstrating the unique structure of orchids, with a fused 
structure of anthers, styles and stigmas (column), pollen grains produced in masses 

























orchid plants with desired characteristics in a shorter period, thus driving orchid 
research and its industrial application into a new era. So far, there are many genes 
that have been isolated from several orchid genera, including Dendrobium, Oncidium, 
Phalaenopsis, Orchis, Liparis, Ludisia, Brassavola, Anoectochilus, Paphiopedilum, 
Liparis, and Habenaria. These genes are mainly involved in various developmental 
processes, such as shoot development, flowering, floral organ development, and 
flower senescence. Here we briefly summarize the progress of molecular studies on 
orchids in the past decade with a focus on the genes involved in the reproductive 
development and discuss potential application of the derived knowledge in 
improving orchid floral characteristics through genetic engineering approaches. 
 
2.1.2 Genes involved in floral organ development 
 
 
The molecular mechanisms of flower development have been extensively 
investigated since Coen and Meyerowitz first proposed a classical ABC model to 
explain the specification of floral organ identity in Arabidopsis and Antirrhinum in 
1991(Coen and Meyerowitz, 1991). Based on this model, floral organ identity is 
determined by three classes of functions, A, B and C. Genes in these three classes act 
either alone or in combination to specify different floral organs. In Arabidopsis, 
function A genes, such as APELATA1 (AP1) or APELATA2 (AP2), specify the 
development of sepals. Function A genes act together with function B genes, such as 
APELATA3 (AP3) and PISTILLATA (PI), to specify petal development. A function C 
gene, AGAMOUS (AG), alone specifies carpel development, and acts together with 
function B genes to specify stamen development. Functions A and C genes are 





(Bowman et al., 1991; Drews et al., 1991; Gustafsonbrown et al., 1994). The classical 
ABC model was later expanded to the ABCDE model, in which function D genes 
have been proposed to regulate ovule development within carpels, while function E 
genes are required for the development of all floral organs (Pinyopich, 2003;Ditta, 
2004;Krizek, 2005;Alvarez-Buylla, 2000;Pelaz, 2000). 
 
So far, most of the identified floral organ identity genes in the ABCDE model are 
MADS-box transcription factors. In Arabidopsis, 107 MADS-box transcription 
factors are categorized into five phylogenetic subgroups, namely Mα, Mβ, Mγ, Mδ, 
and MIKC (De Bodt et al., 2003; Parenicova et al., 2003). All MADS-box 
transcription factors involved in floral organ development belong to the MIKC-type 
subgroup.   
 
While many studies have suggested that the ABCDE model might be applicable to 
diverse plant species, the unique floral ontogeny in orchids implies the divergence of 
the genetic mechanisms involved in floral organ development. In the efforts to 
understand the molecular genetic basis underlying the highly specialized structures 
of orchid flowers, over 70 putative orchid floral organ identity genes have been 
identified in Dendrobium, Oncidium, Phalaenopsis, Orchis, Liparis, Ludisia, 
Brassavola, Anoectochilus, Paphiopedilum, Liparis, and Habenaria in the past 
decade (Table 1).  
 
Based on phylogenetic analysis, AP1/AGL9 group includes MADS-box genes of 
class A and class E (Theissen, 2001a; Theissen and Saedler, 2001b). Class A genes 







Table 1. Expression of putative floral organ identity genes in orchids 
 
Function Gene Species Expression Pattern Reference 
Inflorescence Bud Sepal Petal Labellum Column Pedicel/
Ovary 
Root Leaf Shoot Ovule 
A DOMADS2 Dendrobium  
Madame 
Thong-In 
√ √ × × × √ √ × × √ − (Yu and Goh, 
2000) 
 DthyrFL1 Dendrobium 
thyrsiflorum 
√ √ − − − − − √ √ × √ (Skipper et al., 
2005) 
 DthyrFL2 Dendrobium 
thyrsiflorum 
√ √ − − − − − √ √ × √ (Skipper et al., 
2005) 
 DthyrFL3 Dendrobium 
thyrsiflorum 
√ √ − − − − − √ √ × √ (Skipper et al., 
2005) 
 DcOAP2 Dendrobium 
crumenatum 
− √ √ √ √ √ − − √ − − (Xu et al., 2006) 
 ORAP11 Phalaenopsis 
amabilis 
√ √ × × × √ − √ √ × √ (Chen et al., 
2007) 
 ORAP13 Phalaenopsis 
amabilis 
√ √ × × × × − √ √ × √ (Chen et al., 
2007) 
 OMADS10  Oncidium 
Gower 
Ramsey 
− × × × √ √ √ − √ − − (Chang et al., 
2009) 
 PhalFUL Phalaenopsis 
sp. ‘Hatsuyuki’ 
√ √ √ √ √ √ √ × × − √ (Song et al., 
2011) 
B OrcPI  Orchis italica √ − √ √ √ × √ − − − − (Salemme et al., 
2011) 






 PaphAP3-1 Paphiopedilum 
Macabre 
− √ × × √ √ − − − − − (Pan et al., 
2011) 
 PaphAP3-2 Paphiopedilum 
Macabre 
− √ × √ √ √ − − − − − (Pan et al., 
2011) 
 PaphAP3-3 Paphiopedilum 
Macabre 
− √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 PaphPI Paphiopedilum 
Macabre 
− √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 AfAP3-1 Anoectochilus 
formosanus 
− √ × √ √ √ − − − − − (Pan et al., 
2011) 
 AfPI Anoectochilus 
formosanus 
− √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 HpAP3-1  Habenaria 
petelotii 
− √ × √ √ × − − − − − (Pan et al., 
2011) 
 OncAP3-1 Oncidium 
Gower 
Ramsey 
− √ √ √ × × − − − − − (Pan et al., 
2011) 
 OncAP3-2 Oncidium 
Gower 
Ramsey 
− √ × √ √ √ − − − − − (Pan et al., 
2011) 
 OncAP3-3 Oncidium 
Gower 
Ramsey 
− √ × × × √ − − − − − (Pan et al., 
2011) 
 OncAP3-4 Oncidium 
Gower 
Ramsey 
− √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 OncPI Oncidium 
Gower 
Ramsey 
− √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 DenAP3-1 Dendrobium 
spring Jewel 
− √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 DenAP3-2 Dendrobium 
spring Jewel 






 DenAP3-3 Dendrobium 
spring Jewel 
− √ × × √ × − − − − − (Pan et al., 
2011) 
 DenPI Dendrobium 
spring Jewel 
− √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 PtAP3-2 Phaius 
tankervilleae 
− √ × √ √ √ − − − − − (Pan et al., 
2011) 
 PtAP3-3 Phaius 
tankervilleae 
− √ × × √ × − − − − − (Pan et al., 
2011) 
 PtPI Phaius 
tankervilleae 
− √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 LdAP3-1 Liparis distans − √ √ √ × √ − − − − − (Pan et al., 
2011) 
 LdAP3-2 Liparis distans − √ × √ √ √ − − − − − (Pan et al., 
2011) 
 LdPI Liparis distans − √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 BnAP3-1 Brassavola 
nodosa 
− √ √ × √ √ − − − − − (Pan et al., 
2011) 
 BnAP3-2 Brassavola 
nodosa 
− √ √ × × × − − − − − (Pan et al., 
2011) 
 BnAP3-3 Brassavola 
nodosa 
− √ × × √ √ − − − − − (Pan et al., 
2011) 
 BnPI Brassavola 
nodosa 
− √ √ √ √ √ − − − − − (Pan et al., 
2011) 
 LudPI Ludisia 
discolor 






− − √ √ √ √ √ − − − − 






− − × √ √ √ √ − − − − (Sirisawat et al., 
2010) 
 DMPI Dendrobium 
moniliforme 
− − √ √ √ √ √ − − − − (Sirisawat et al., 
2010) 
 OMADS8 Oncidium 
Gower 
Ramsey 






 OMADS3 Oncidium 
Gower 
Ramsey 
− √ √ √ √ √ √ √ √ − − (Hsu et al., 
2003; Chang et 
al., 2010)  
 OMADS9 Oncidium 
Gower 
Ramsey 
− √ × √ √ × × × × − − (Chang et al., 
2010) 
 OMADS5 Oncidium 
Gower 
Ramsey 
− √ √ √ × × × × × − − (Chang et al., 
2010) 
 PhPI10 Phalaenopsis 
equestris 
− √ × × √ × × × × − − (Guo et al., 
2008) 
 PhPI15 Phalaenopsis 
equestris 
− − √ √ √ √ √ × × × − (Guo et al., 
2007) 
 HrGLO1 Habenaria 
radiata 
− − √ √ √ √ − − − − − (Kim et al., 
2007) 
 HrGLO2 Habenaria 
radiata 
− − √ √ √ √ − − − − − (Kim et al., 
2007) 
 HrDEF Habenaria 
radiata 
− − × √ √ √ − − − − − (Kim et al., 
2007) 
 DcOAP3A Dendrobium 
crumenatum 
− √ √ √ √ √ √ − √ − − (Xu et al., 2006) 
 DcOAP3B Dendrobium 
crumenatum 
− √ × √ √ √ − − × − − (Xu et al., 2006) 
 DcOPI Dendrobium 
crumenatum 
− √ √ √ √ √ √ − × − − (Xu et al., 2006) 
 PeMADS2 Phalaenopsis 
equestris 
− √ √ √ √ √ × × × × − (Tsai et al., 
2004) 
 PeMADS3 Phalaenopsis 
equestris 
− √ × √ √ √ × × × × − (Tsai et al., 
2004) 
 PeMADS4 Phalaenopsis 
equestris 
− √ × × √ √ × × × × − (Tsai et al., 
2004) 
 PeMADS5 Phalaenopsis 
equestris 
− √ √ √ √ √ × × × × − (Tsai et al., 
2004) 
 PeMADS6 Phalaenopsis 
equestris 






C OMADS4 Oncidium 
Gower 
Ramsey 
− √ × × × √ √ − × − − (Hsu et al., 
2010) 
 PhalAG1 Phalaenopsis 
sp.‘Hatsuyuki’ 
− √ √ √ √ √ √ × × − √ (Song et al., 
2006) 
 DthyrAG1  Dendrobium 
thyrsiflorum 
√ √ − − − √ √ − − − √ (Skipper et al., 
2006) 
 DcOAG1 Dendrobium 
crumenatum 
− √ √ √ √ √ √ − × − − (Xu et al., 2006) 
 CeMADS1 Cymbidium 
ensifolium 
− √ × × × √ √ × × × − (Wang et al., 
2011) 
 CeMADS2 Cymbidium 
ensifolium 
− √ √ √ √ √ √ × √ √ − (Wang et al., 
2011) 
 PeMADS1 Phalaenopsis 
equestris 
− √ × × × √ × × × − √ (Chen et al., 
2012) 
D PeMADS7 Phalaenopsis 
equestris 
− √ × × × √ × × × − √ (Chen et al., 
2012) 
 PhalAG2 Phalaenopsis 
sp.‘Hatsuyuki’ 
− √ √ √ √ √ √ × × − √ (Song et al., 
2006) 
 DthyrAG2 Dendrobium 
thyrsiflorum 
√ √ − − − √ √ − − − √ (Skipper et al., 
2006) 
 DcOAG2 Dendrobium 
crumenatum 
− √ × × × √ √ − × − − (Xu et al., 2006) 
 OMADS2 Oncidium 
Gower 
Ramsey 
− √ × × × √ √ − × − − (Hsu et al., 
2010) 
E OM1 Aranda 
Deborah 
× × √ √ − × − − − − − (Lu et al., 1993) 
 DcOSEP1 Dendrobium 
crumenatum 
− √ √ √ √ √ − − × − − (Xu et al., 2006) 
 DOMADS1 Dendrobium  
Madame 
Thong-In 
√ √ √ √ √ √ √ × × √ − (Yu and Goh, 
2000) 





 DOMADS3 Dendrobium  
Madame 
Thong-In 
√ √ × × × × √ × × √ − (Yu and Goh,  
2000) 
 OMADS1 Oncidium 
Gower 
Ramsey 
− √ √ √ √ × − − − − − (Hsu et al., 
2003) 
 OMADS6 Oncidium 
Gower 
Ramsey 
− √ √ √ √ √ √ − × − − (Chang et al., 
2009) 
 OMADS7 Oncidium 
Gower 
Ramsey 
− √ √ √ √ √ √ − × − − (Chang et al., 
2009) 
 OMADS11 Oncidium 
Gower 
Ramsey 
− √ √ √ √ × √ − × − − (Chang et al., 
2009) 
 
− Examination of gene expression has not been performed. 
√      Gene expression is detectable. 







paleoAP1-like and the euAP1-like clades (Litt and Irish, 2003; Vandenbussche et al., 
2003). Class E genes belong to the SEP-like subfamily and are further devided into 
SEP3 and SEP1/2/4 clades (Theissen et al., 2000; Theissen, 2001a; Malcomber and 
Kellogg, 2005; Zahn et al., 2005a). There is another clade, AGL6, which also belongs 
to the AP1/AGL9 group (Ma et al., 1991). Almost all of the members in the 
AP1/AGL9 group of MADS-box genes are involved in the development of floral 
meristems and floral organs (Purugganan et al., 1995).  
 
A number of genes belonging to the AP1/AGL9 group have been identified and 
characterized in orchids (Table 1). In Dendrobium thyrsiflorum, the DthyrFL1-3 
genes are paleoAP1-like genes within the AP1/SQUA-like subfamily. All of them are 
expressed at low levels in vegetative tissues, but at high levels in ovules and 
inflorescences, indicating that they are involved in controlling orchid reproductive 
development. In Dendrobium Madame Thong-In, three MADS-box genes 
DOMADS1, DOMADS2 and DOMADS3 are homologous to SEP1, AP1/SQUA and 
SEP3, respectively. These genes are successively activated during the floral 
transition and continue to be expressed later in mature flowers (Yu and Goh, 2000). 
In the orchid Phalaenopsis amabilis, ORAP11 and ORAP13 that belong to the 
AP1/SQUA-like subfamily contain the typical paleoAP1-like motif, but lack the 
farnesylation motif (Chen et al., 2007). Both genes play a role in establishing the 
meristem identity, with their initial expression in the inflorescence and floral 
meristems, which is consistent with the early functions of FUL in Arabidopsis 
(Ferrandiz et al., 2000) and OsMADS18 in rice (Fornara et al., 2004). Both genes are 
also involved in the development of petals, lips, columns and ovules with the similar 





effect on the development of vegetative tissues, which resembles the function of FUL 
and OsMADS18 (Gustafsonbrown et al., 1994; Gu et al., 1998; Skipper et al., 2005). 
The expression pattern of ORAP genes implies that orchid AP1/SQUA-like genes not 
only have the ancestral role in determination of meristem identity, but also have some 
unique functions that are different from the “classic” class A genes. In the orchid 
Oncidium Gower Ramsey, OMADS1 belongs to the AGL6 clade in the AP1/AGL9 
group (Hsu et al., 2003). Its expression is detectable in apical meristems, and lips and 
carpels of flowers. The OMADS1 protein is able to interact with OMADS3, a class B 
orchid MADS-box protein involved in the floral initiation (Hsu and Yang, 2002). In 
addition, the heterodimerization activity of OMADS1 is also achieved with 
OMADS2, a class D MADS-box protein expressed in stigmatic cavity and ovary 
(Hsu et al., 2010). Thus, OMADS1 may have a function similar to that of the 
carpel-specific MADS-box genes in regulating floral transition and ovary 
development in orchids. Besides OMADS1, another four AP1/AGL9-like genes, 
OMADS6, OMADS7, OMADS10 and OMADS11, have been characterized (Chang et 
al., 2009). OMADS6, OMADS11, and OMADS7 belong to the SEP3, SEP1/2, and 
AGL6 clades, respectively, while OMADS10 is an orchid paleoAP1 ortholog. 
OMADS6 shows an expression pattern different from other SEP3 orthologs with its 
expression in sepals, petals, lips and carpels, but barely in stamens. The expression 
pattern for OMADS11 was similar to OMADS6, but different from SEP1/2 orthologs 
since its expression was undetectable in stamens. OMADS7 shares the similar gene 
expression pattern to OMADS6. The similarity in the expression patterns of the 
SEP/AGL6-like genes, OMADS6, 11 and 7, indicates that their transcriptional 
regulation is highly evolutionarily conserved in the orchid. Unlike OMADS6/11/7, 





flowers. This pattern distinguishes OMADS10 from most genes in the SQUA 
subfamily, suggesting a possible functional conservation for specific lineages of 
AP1/SQUA-like genes in monocots. 
 
Based on the ABCDE model, the class B genes are involved in the development of 
petals and stamens and include two major lineages, the AP3/DEP-like genes and the 
PI/GLO-like genes (Kramer et al., 1998; Zahn et al., 2005b). Among all the putative 
orchid floral organ identity genes identified so far, function B genes have been most 
frequently studied (Table 1). Like other monocot flowers, most orchid flowers 
exhibit showy petaloid perianth organs, but little morphological distinction between 
sepals and petals, which are thus termed outer and inner tepals, respectively (Figure 
5). Three outer tepals (sepals) are similar in appearance to two lateral inner tepals 
(petals), while a median inner tepal termed as the labellum (also known as the lip) 
often has very unique shape and color. As function B genes play a main role in the 
specification of petal identity in flowering plants (Trobner et al., 1992; Krizek and 
Meyerowitz, 1996), many efforts have been made in elucidating their functional 
contribution to the unique morphological features of perianth organs in orchids. So 
far, around 50 function B genes, which are either PI/GLO- or AP3/DEF-like 
MADS-box genes, have been isolated from Dendrobium, Oncidium, Phalaenopsis, 
Orchis, Liparis, Ludisia, Brassavola, Anoectochilus, Paphiopedilum, Liparis, and 
Habenaria (Table 1). A common feature for all these function B genes is that they are 
expressed in at least one type of tepals, supporting their roles in regulating the 






While PI/GLO-like genes are highly conserved and usually expressed in most types 
of floral organs (Tsai et al., 2005; Xu et al., 2006; Guo et al., 2007; Kim et al., 2007; 
Guo et al., 2008), AP3/DEF-like genes are classified into four clades based on 
phylogenetic analysis and gene expression patterns (Mondragon-Palomino and 
Theissen, 2008). The AP3/DEF-like genes in clade 1 (PeMADS2, DcOAP3A, and 
OMADS5) and in clade 2 (PeMADS5 and OMADS3) are expressed in all tepals (Hsu 
and Yang, 2002; Tsai et al., 2004; Xu et al., 2006; Chang et al., 2010). The clade 3 
genes (PeMADS3, DcOAP3B, OMADS9, and HrDEF) are expressed in lateral inner 
tepals and the lip, whereas the clade 4 gene (PeMADS4) is exclusively expressed in 
the lip (Tsai et al., 2004; Xu et al., 2006; Chang et al., 2010). The expression patterns 
of these AP3/DEF-like genes have led to the hypothesis that the combination of 
different clade genes results in different types of tepals (Mondragon-Palomino and 
Theissen, 2008). Clade 1 and 2 genes determine the development of three outer tepals, 
clade 1-3 genes determine the development lateral inner tepals, and clade 1-4 genes 
determine lip development. Thus, clades 3 or 4 genes seem to be decisive factors that 
distinguish between outer and inner tepals or lateral inner tepals and the lip, 
respectively. While this hypothesis is supported by the observation of the heterotopic 
expression of a clade 3 gene HrDEF in the outer tepals of a petaloid-sepal mutant of 
Habenaria radiata (Kim et al., 2007), the negative effect of a clade 1 gene, OMADS5, 
on lip development in Oncidium Gower Ramsey implies that clade 1 genes may also 
play an important role in determining tepal types.   
 
Another important feature of function B genes in eudicot plants is that AP3/DEF-like 
proteins form obligate heterodimers with PI/GLO-like proteins. However, this seems 





DcOAP3A/B and DcOPI from Dendrobium crumenatum form heterodimers, whereas 
all these function B proteins are not able to form homodimers (Xu et al., 2006). In 
contrast, three AP3/DEF-like proteins, OMADS3, OMADS5, and OMADS9 from 
Oncidium Gower Ramsey, form either homodimers or heterodimers with each other, 
whereas another PI/GLO-like protein, OMADS8, only forms heterodimers with 
OMADS3 (Chang et al., 2010). In another study, four AP3/DEF-like proteins 
(PeMADS2-5) and a PI/GLO-like protein, PeMADS6, from Phalaenopsis equestris 
form heterodimers, while both PeMADS4 and PeMADS6 are also able to form 
homodimers (Tsai et al., 2008). These results suggest that heterodimerization of 
function B proteins may not be obligate in orchids, and that the generation of various 
heterodimers and homodimers may be necessary for specifying whorl 
morphogenesis in various orchids. 
 
Consistent with the role of function B genes in determining petal identity, some 
transgenic studies have demonstrated the effect of orchid function B genes, 
particularly PI/GLO-like genes, on the identity of perianth organs. For example, 
overexpression of DcOPI from Dendrobium crumenatum causes the transformation 
of sepals into petaloid structure in the first floral whole in Arabidopsis, and also 
largely rescues the pi-1 mutants whose flowers consist of two outer whorls of sepals 
(Xu et al., 2006). Similarly, overexpression of several other PI/GLO-like genes, such 
as DMPI from Dendrobium moniliforme (Sirisawat et al., 2010) and OMADS8 from 
Oncidium Gower Ramsey (Chang et al., 2010), also results in the conversion of 
sepals into petal-like structures. In contrast to PI/GLO-like genes, overexpression of 
AP3/DEF-like genes alone does not produce similar homeotic transformation in the 





homologs of AP3/DEF-like genes in orchids, it is possible that AP3/DEF-like genes 
should act together to confer biological functions.  
 
Recent studies reaveled a ‘Homeotic Orchid Tepal (HOT)’ model for orchid floral 
organ identity and growth (Pan et al., 2011). It is proposed to explain the regulation 
of perianth morphogenesis in Orchidaceae in both spatial and temporal conditions. It 
is consistent with those revised ‘orchid code’ hypothesis based on the patterns at the 
floral bud stage (Mondragon-Palomino and Theissen, 2011). In the late floral organ 
primodia and floral bud stages, PI and AP3B clade genes determine the formation of 
the sepals. The combination of PI and both AP3A1 and AP3B controls the formation 
of the lateral petals. Both PI and AP3A2 clade genes control the formation of the lip. 
Yet, the HOT model focuses not only on the flower bud stage but also on the floral 
primordial stage. The combinatorial effects of homeotic proteins can form high-order 
complexes of multimers with more components than the proposed quartet model for 
ABCDE MADS-box proteins (Theissen, 2001). This model appears to demonstrate 
the extraordinary evolutionary history of floral zygomorphic morphogenesis in 
orchids. 
 
As compared to most other angiosperms with separate stamens and carpels in their 
flowers, orchid flowers usually have single columns, which are the fused organs of 
the stamens, styles and stigmas. As function C and D genes are responsible for the 
identity of reproductive organs, molecular studies on their orchid orthologs have 
been attempted in recent years to elucidate the mechanisms underlying the complex 
orchid reproductive organs. The function C genes specify the identity of stamens and 





can be divided into two groups. The first group of genes, including OMADS4 from 
Oncidium Gower Ramsey, PeMADS1 from Phalaenopsis equestris  and CeMADS1 
from Cymbidium ensifolium, are more specifically expressed in columns and 
pedicels/ovaries (Hsu et al., 2010; Wang et al., 2011; Chen et al., 2012), while the 
second group of genes, including PhalAG1 from Phalaenopsis sp.‘Hatsuyuki’, 
DcOAG1 from Dendrobium crumenatum, and CeMADS2 from Cymbidium 
ensifolium, are almost expressed in all floral organs (Song et al., 2006; Xu et al., 2006; 
Wang et al., 2011). The expression of CeMADS1 is absent in two multitepal mutants 
of Cymbidium ensifolium, in which the gynostemium is replaced by a reiteration of 
the tepal structure, a typical pattern for loss of function C genes in flowering plants 
(Wang et al., 2011). This strongly indicates that the first group of orchid function C 
genes may play a more specific role in determining the identity of reproductive 
organs. In contrast, the broader expression of the second group of function C genes 
implies their possible involvement in the development of other floral organs, such as 
tepals.  
 
Orchid putative function D genes identified so far have a relatively specific 
expression in columns, pedicels/ovaries, and ovules (Skipper et al., 2006; Song et al., 
2006; Xu et al., 2006; Hsu et al., 2010). These expression patterns are consistent to 
their potential role in specifying the ovule identity, although this has not yet been 
proven with other molecular genetic data.  
 
In Arabidopsis, some floral patterning genes are regulated by flowering time genes, 
because coordinated regulation of SEP3 with flowering time genes prevents 





organ patterning (Liu et al., 2009). Also, some floral patterning genes in orchids 
show early or late flowering phenotype in the transgenic plants, like OMADS4, 
OMADS6, OMADS7 and OMADS11 (Chang et al., 2009; Hsu et al., 2010). 
 
Besides these MADS-box genes, recent reports have revealed that some genes (e.g. 
KNOX) from orchid Dactylorhiza fuchsia are also involved in flower development 
(Box et al., 2012). They are expressed in developing floral organs, such as the 
spur-bearing labellum and the inferior ovary. Constitutive expression of these genes 
in tobacco produces a wide range of floral abnormalities, suggesting the KNOX may 
be especially important in taxa with elaborate flowers. In addition, PaPTP1, a gene 
encoding protein tyrosin phosphatase from orchid Phalaenopsis amabilis, is 
regulated during floral development. Its expression patterns are associated with the 
development of orchid flowers (Fu et al., 2011). 
 
2.1.3 Genes involved in flowering time control 
 
 
The floral transition from vegetative to reproductive phase is the most dramatic 
developmental switch in the plant life cycle (Jiang et al., 2008). Determining the 
optimum timing of this transition for pollination and seed development is important 
for reproductive success. Understanding the floral transition mechanism would be a 
great breakthrough for the orchid industry as these flowers require a long period of 






According to the epistatic analyses of flowering-time mutants with responses to 
different environmental and endogenous cues, there are at least four genetic 
pathways in regulating floral transition in Arabidopsis, which are the photoperiod, 
gibberellin , vernalization and autonomous pathways (Figure 1) (Blazquez and 
Weigel, 2000; Simpson and Dean, 2002; Cerdan and Chory, 2003; Halliday et al., 
2003). Among these pathways, two of them mediate signals from the environment. 
The photoperiod pathway depends on photoreceptors and a circadian clock to sense 
both light periodicity and quality, and the vernalization pathway enables flowering to 
occur with a prolonged exposure to low temperature. In the photoperiod pathway, 
plants sense light quantity and light quality. Under LDs, the expression of 
circadian-regulated genes FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1), 
and GIGANTEA (GI) reach their peaks at the same time to form a protein complex to 
stabilise CO proteins (Sawa et al., 2007). CO governs all the output as the terminal of 
photoperiod pathway. co mutants show late flowering in LD conditions while 
overexpression of CO causes early flowering in both LD and SD conditions (Putterill 
et al., 2004). CO encodes a transcription regulator that controls two downstream 
floral pathway integrators, SOC1 and FT (Samach et al., 2000). Recently, 
AGAMOUS-LIKE 17 (AGL17), a downstream factor of CO, was found as a flowering 
promoter acting on SOC1 and FT (Han et al., 2008). In vernalization pathway, FLC, a 
repressor of flowering, controls FLC epigenetically through DNA methylation or 
chromatin remodeling (Boss et al., 2004). The other two pathways mediate signals 
from endogenous: the autonomous pathway sense the developmental stage of the 
plant to promote flowering and the gibberellin pathway would affect flowering 
particularly in short-day conditions via plant hormone GA. In autonomous pathway, 





a special way to regulate flowering via inactivating FLC through deacetylating 
histone H4 in the vicinity of the FLC transcription start site(He et al., 2003). In GA 
pathway, mutants that are defective in GA biosynthesis never flower in SD 
conditions unless GA is used. In addition, there is a novel genetic pathway 
responding to ambient temperature, known as thermosensory pathway 
(Balasubramanian et al., 2006) (Blazquez et al., 2003). These genetic pathways will 
form a complex network integrating the endogenous developmental state of the plant 
with environmental cues (e.g. day length and temperature) to precisely control the 
timing of the floral transition (Boss et al., 2004; Turck et al., 2008). 
 
Based on the floral transition mechanism in Arabidopsis, some orthologs of 
flowering time genes in orchids have been identified and characterized (Table 2). In 
Arabidopsis, FT is a key regulator that controls the transition from vegetative growth 
to flowering. When the plants sense a photoperiod condition that is favorable for 
flowering, FT is upregulated in leaves and its protein moves from leaves to shoot 
apical meristems to accelerate flowering (Corbesier et al., 2007). As FT shows a 
strong early-flowering phenotype in Arabidopsis, FT orthologs in orchids are 
supposed to have similar function as FT. So far, three orthologs of FT, OnFT, DnFT 
and CgFT from Oncidium, Cymbidium and Dendrobium, respectively, have been 
identified (Hou and Yang, 2009; Li et al., 2012; Xiang et al., 2012). OnFT mRNA is 
detected in axillary buds, leaves, pseudobulb and flowers. The expression remains at 
a lower level during the vegetative stage and increases during the reproductive stage. 
In flowers, OnFT is expressed more in young flower buds than in mature flowers and 
is predominantly expressed in sepals and petals. The expression of OnFT was 






Table 2. Putative flowering time genes in orchids 
 




Dendrobium nobile Lindl 
 
Auxiliary buds and leaves  
 
Overexpression of DnFT in Arabidopsis plants showed 




(Li et al., 2012) 
DnMFT Dendrobium nobile Lindl Buds and leaves Over-expression of DnMFT in Arabidopsis led to 
slightly late-flowering 
 
(Li et al., 2012) 
CgFT Cymbidium goeringii Rchb. f. Leaves, pseudobulb, and flowers Over-expression  of CgFT in transgenic tobacco plants 
showed early-flowering  phenotype 
 
(Xiang et al., 2012) 
OnFT Oncidium Gower Ramsey Axillary bud, leaf, pseudobulb and 
flower 
Overexpression of OnFT causes early flowering in 
transgenic Arabidopsis 
 
(Hou and Yang, 2009) 
OnTFL1 Oncidium Gower Ramsey Axillary bud and pseudobulb Overexpression of OnFTL1 causes late flowering in 
transgenic Arabidopsis 
 
(Hou and Yang, 2009) 
OMADS1 Oncidium Gower Ramsey Apical meristem, and the lip and 
carpel of the flower 
Overexpression of OMADS1 causes early flowering in 
transgenic Arabidopsis and  Oncidium Gower Ramsey 
(Hsu et al., 2003; 
Thiruvengadam et al., 
2012) 
 
DOH1 Dendrobium Madame Thong-In Meristem-rich tissue Overexpression of DOH1 causes early flowering in 
transgenic orchids 





light period and the lowest expression at dawn. This pattern is a little different from 
FT in Arabidopsis, with the highest level at the 16
th
 hour of the light period and the 
lowest at dawn under LD (Corbesier et al., 2007; Fujiwara et al., 2008). This could be 
due to the fact that Oncidium is a light-neutral plant (Hew and Yong, 1997). CgFT 
mRNA is detected in leaves, pseudobulb, and flowers. Similar to OnFT, CgFT had 
lower expression levels in the leaves of tissue cultured seedlings and one-year-old 
spring orchid before the formation of pseudobulbs than in the leaves of two-year-old 
spring orchid (Hou and Yang, 2009). In flowers, CgFT is expressed more in young 
flower buds than in mature flowers, and is predominantly expressed in young ovary 
and sheath, similar to observations for FT orthologs (Carmona et al., 2007; Igasaki et 
al., 2008; Hou and Yang, 2009). Overexpression of CgFT in transgenic tobacco 
plants showed novel phenotypes by flowering earlier than wild-type plants and the 
expression of LFY, AP1, FUL and SEP1 are significantly upregulated, which is 
similar to its homolog in Arabidopsis (Corbesier et al., 2007). DnFT is expressed in 
the auxiliary buds and leaves. In auxiliary buds, DnFT is expressed at a higher level 
in young buds than in mature buds, which is similar to OnFT and CgFT (Hou and 
Yang, 2009; Xiang et al., 2012). Overexpression of DnFT in Arabidopsis plants 
shows an early-flowering phenotype and loss of inflorescence indeterminacy, 
suggesting that DnFT functions as a floral inducer in Dendrobium nobile Lindl to 
regulate floral transition in a similar way to FT  (Corbesier et al., 2007). 
  
FT, TFL1, and MFT all belong to the PEBP family (Karlgren et al., 2011). In contrast 
to FT, TERMINAL FLOWER1 (TFL1) has an antagonistic regulatory effect on 
delaying flowering in Arabidopsis. Loss-of-function mutants of TFL1 show the early 





(Bradley et al., 1997). MFT (MOTHER OF FT AND TFL1) is a member of a gene 
family that includes two important regulators, FT and TFL1, in determination of 
flowering time in Arabidopsis. Constitutive expression of MFT leads to slightly early 
flowering under LD (Yoo et al., 2004). OnTFL1, ortholog of TFL1, is isolated from 
Oncidium Gower Ramsey (Hou and Yang, 2009). The expression of OnTFL1 is only 
detectable in axillary buds and pseudobulbs, and is not influenced by light. 
Overexpression of OnFTL1 delays flowering and rescues the phenotype of terminal 
flowers in transgenic Arabidopsis, which is similar to the function of TFL1 in 
Arabidopsis (Bradley et al., 1997). DnMFT, an MFT ortholog from Dendrobium, has 
been identified (Li et al., 2012). The expression of DnMFT increases in buds and 
decreases in leaves during flower bud development and is not influenced by low 
temperature treatment. Overexpression of DnMFT in Arabidopsis leads to slightly 
late-flowering, which is consistent with the phenotype of overexpression of MFT in 
Arabidopsis (Yoo et al., 2004).  
 
Besides the PEBP family genes isolated from orchid, another two flowering time 
genes have been identified. DOH1, a Class 1 knox gene, is required for maintenance 
of the basic plant architecture and floral transition in Dendrobium Madame Thong-In 
(Yu et al. 2000). AP1/AGL9 group of MADS box gene, OMADS1, with extensive 
homology to the Arabidopsis AGL6 is characterized from Oncidium Gower Ramsey. 
It is able to up-regulate the expression of flowering time genes FT and SOC1, and the 
flower meristem identity genes LFY and AP1 in transgenic Arabidopsis (Hsu et al. 
2003). Overexpression of OMADS1 can compensate the late-flowering defect in gi-1 





OMADS1 gene promotes early flowering in transgenic orchids of O. Gower Ramsey 
(Thiruvengadam et al., 2012).   
 
Identification of many flowering time genes in various flowering plants suggests that 
there are still many important flowering genes to be further elucidated in orchids (Yu 
et al., 2000; Hsu et al., 2003; Hou and Yang, 2009). Isolation of novel flowering time 
genes, and investigation of their expression profiles and their functions are essential 
to uncover the floral transition mechanism in orchids. Eventually, these studies 
would shed light on the molecular mechanisms of the floral transition in orchids, and 
provide more gene resources for genetic modification of orchids with desired 
flowering traits.  
 
2.1.4 Genes involved in the regulation of flower color 
 
 
Flower pigments are responsible for the natural attractive display of plant colors and 
they are composed of carotenoids, anthocyanins and betalains. Of the three pigments, 
anthocyanins have the broadest distribution in the flowering plants and their 
biosynthetic pathway has been well characterized in several plant species (Grotewold, 
2006).  
 
Chalcone synthase (CHS), the key enzyme involved in flavonoid and anthocyanin 
biosynthesis, has been extensively studied in parsley, petunia, soybean, and other 
plants (Heller and Hahlbrock, 1980; Kreuzaler et al., 1983; Koes et al., 1987; Ito et al., 
1997) (Que et al., 1997; Aida et al., 2000). In orchids, to generate Phalaenopsis with 





Pchs1, which they hypothesize to be used to manipulate flower color from 
Phalaenopsis hybrida orchid flowers (Han et al., 2006). However, it was found that 
Pchs1 may not be the major chs gene for the anthocyanin biosynthesis because it was 
not a highly expressed gene in floral organs and there was no obvious correlation 
between flower pigmentation and this gene expression. 
 
In plants, the action of cytochrome P450 enzymes involved in anthocyanin synthesis 
is directly visible through the colour of the flower (Kitada, 2003). Su and Hsu further 
confirmed the above conclusion that  flavonoid3’,5’-hydroxylase gene (a member of 
the cytochrome P450 family) from Phalaenopsis can influence anthocyanin pigment 
synthesis because the color of transgenic petals is changed from pink to magenta (Su 
and Hsu, 2003). After several years, they found that transient expression of a 
cytochrome P450 gene (CYP78A2) cloned from Phalaenopsis enhances the 
anthocyanin contents in the petals of transformed Phalaenopsis (Zheng et al., 2010).  
 
Many studies have reported that the expression of anthocyanin biosynthetic genes is 
controlled by two families of transcription regulators, bHLH and MYB proteins 
(Holton and Cornish, 1995; Koes et al., 2005). MYB proteins are the key components 
to activate discrete subsets of anthocyanin structural genes (Davies and Schwinn, 
2003). In orchids, OgMYB1 has been isolated from Oncidium (Chiou and Yeh, 2008). 
According to Chiou and Yeh, differential expressions of OgMYB1 could result in red 







2.1.5 Genes involved in flower senescence 
 
 
Pollination of flowers normally results in an increase in ethylene production, which is 
thought to coordinate the senescence process. In addition, ethylene production might 
play a role in other aspects of post-pollination developmental processes such as ovary 
development (Zhang and Oneill, 1993). Thus, some researchers have chosen to 
examine the role played by regulation of enzymes involved in ethylene biosynthesis, 
and in particular the enzyme 1-aminocyclopropane-1-carboxylate (ACC) oxidase.  
 
Although ACC synthase has been the topic of much recent researches, relatively little 
is known about the role of ACC oxidase in regulating ethylene biosynthesis and 
subsequent ethylene dependent developmental events. ACC oxidase was isolated 
initially from tomato and later in Saccharomyces cerevisiae and Xenopus laevis 
oocytes (Hamilton et al., 1991; Spanu et al., 1991). In orchids, the first ACC oxidase 
gene was isolated from Phalaenopsis (Nadeau et al., 1993). According to Nadeau, all 
cells in a flower participate in the production of ethylene because the ACC oxidase 
mRNA is expressed in all living cells of floral tissues after pollination. Recently, 
another ACC synthase gene was cloned from Dendrobium (Nagtong et al., 2010). 
The expression patterns showed that DenACS is also involved in other developmental 
processes such as the flower opening and vegetative cell growth and development. 
 
2.1.6 Conclusion & perspectives 
 
 





there are also some bottlenecks in the genetic transformation of orchids. Firstly, the 
procedures involved in orchid transformation are time-consuming. The most 
important limiting factor is the slow growth rate of orchids. To solve this problem, 
the main strategy is to optimize the growth conditions (e.g. growth medium and light) 
for orchids. For example, Sim et al. developed a method to shorten the transition 
period from vegetative shoot apical meristems to inflorescence meristems using 
two-layered modified KC medium (Yu et al., 2007). This system provides high 
efficiency for those who focus on orchid floral transition. Secondly, chimeric tissues 
are produced during gene transformation. As suggested by Suwanaketchanatit , the 
establishment of stable genetic transformation system for orchids is very important to 
reduce the production of chimeric tissues (Suwanaketchanatit et al., 2007).  
 
Several important advances in orchid industry based on the application of genetic 
engineering will be witnessed in the near future. First, it is possible to use genetic 
modification technology to generate more flower varieties with specific floral traits 
such as unique structures and rare colors. The increase in flower varieties would 
attract more attention from customers and thus broaden the orchid market. Second, 
the productivity of flowers can be improved by using genetic modification 
technology, which benefits greatly to orchid industry in many ways. One way is to 
allow more efficient generation of flowers, and the other is to reduce the period from 
the vegetative to reproductive stage. Third, genetic modification will help to reduce 
pathogens and diseases by transforming relevant genes, such as anti-virus genes, into 
plants, which is regarded as a potent strategy for orchid breeders. In addition, genetic 





relevant to senescence. The above mentioned advantages of genetic engineering 
technology can boost the development of orchid industry in the near future. 
 
With the elucidation of molecular mechanisms of growth and development in other 
model plants, the amount of new information available for orchid biologists to 
investigate orchid orthologs is rapidly increasing. For example, the molecular 
mechanisms of the floral transition in Arabidopsis have been well studied with the 
identification of many novel genes in various flowering genetic pathways. Although 
some orchid orthologs (e.g. FT, TFL1, MFT, AGL6-like and knox gene) have been 
isolated and characterized, it is still far from knowing the complex mechanisms of the 
floral transition in orchids. Further investigation of orchid genes and their relevant 
molecular mechanisms underlying various developmental processes is necessary for 
figuring out genes that are useful for genetic engineering of orchids.  
 




Genetic transformation enables to introduce exogenous gene cassettes into the orchid 
genome to regulate the expression of specifically targeted genes, thus changing and 
improving the existing traits of orchids. This is not only important for genetic 
engineering of new orchid varieties, but also useful for studying the function of 
endogenous orchid genes. The reproducible gene transformation systems in orchids 
were mostly created based on the existing tissue culture methods. Protocols using 
particle bombardment and Agrobacterium-mediated transformation have been 
created to introduce nucleic acids into suitable orchid explants. Some essential 





and selection markers, have been found to significantly affect the transformation 
efficiency. Thus, optimization of these factors is critical for establishing efficient and 
reproducible transformation systems in orchids.  
 
2.2.1 Selection of starting materials for orchid transformation 
 
 
Selection of appropriate explants as starting materials is a major contributing factor 
that determines the orchid transformation efficiency. A stable gene transformation 
system relies on the regeneration capacity of highly transformable tissues. In the 
process of transformation and regeneration, the response of explants is affected by 
several factors including the production of phenolic compound by the defense 
mechanisms, cell division cycle and the competence of the cells around the wound 
sites to generate shoots. Explants that have a high frequency of transient transgene 
expression may not eventually regenerate a large number of stable transformants. 
Thus, it is critical to choose the appropriate explants to achieve maximal amount of 
stable transformants. 
 
So far, different kinds of explants that are mainly meristematic tissues with high 
regenerating capacity have been applied for orchid transformation. Protocorm-like 
bodies (PLBs) serve as the most widely used starting materials for both particle 
bombardment and Agrobacterium-mediated transformation (Chia et al., 1994; Nan et 
al., 1997; Yang et al., 1999; Knapp et al., 2000; Yu et al., 2001; Chai et al., 2002; You 
et al., 2003; Liau et al., 2003a; Men et al., 2003a; Men et al., 2003b; Liao et al., 2004; 





2008). PLBs are broadly used due to the following several advantages. First, PLBs 
can be easily induced from different kinds of somatic tissues, such as young leaves, 
flower stalks and roots. Second, PLBs are presumed to be genetically uniform 
explants (Park et al., 1996; Park et al., 2002). Third, the meristematic cells of PLBs in 
early stages of development are in an active stage of division, which promotes 
transformation and shoot regeneration.(Kuehnle and Sugii, 1992; Park et al., 2002; 
Liau et al., 2003a) Also, it has been found that PLBs contain more coniferyl alcohol, 
a vir gene inducer, than other tissues. This facilitates the Agrobacterium-mediated 
transformation. Taken together, these advantages make PLBs appropriate materials 
for large-scale gene transformation experiments.  
 
Protocorms are the second most widely used explants for orchid transformation 
(Kuehnle and Sugii, 1992; Nan and Kuehnle, 1995a; Yu et al., 1999; Knapp et al., 
2000; Chang et al., 2005; Mishiba et al., 2005; Suwanaketchanatit et al., 2007). They 
are generated through seed germination and have the same characteristics as PLBs. 
So far most of successful transformation studies using protocorms were carried out 
through particle bombardment in Dendrobium, while the protocorms of 
Phalaenopsis at an early stage after germination were also found to be good starting 
materials for Agrobacterium-mediated transformation (Mishiba et al., 2005). 
Nevertheless, as protocorms develop from seeds and most of commercial hybrids are 
sterile, protocorms are not commonly used for orchid transformation.  
 
Calli are also used in orchid transformation. With the optimization of various 
parameters, more and more successful transformation studies using calli have been 





2007). The actively dividing and uniform cells of the calli could be important for 
integration of foreign DNAs into the orchid genome to generate stable transformants 
(Binns and Thomashow, 1988). In addition, the infected callus cells undergo 
organogenesis directly in the media containing selection agents, preventing the 
regeneration of chimeric transgenic plants. 
 
2.2.2 Transformation methods 
 
 
In general, plant transformation methods can be divided into three groups, namely, 
direct DNA delivery (e.g. particle bombardment, protoplast tranformation, 
lipofection transfection, electroporation, PEG-mediated transformation, 
microinjection, and laser microbeam method), vector-mediated gene transformation 
(e.g. Agrobacterium-mediated and virus-mediated transformation), and germ 
line-mediated gene transformation (e.g. pollen-tube pathway, and infiltration and 
injection of the ovary and embryo sac). Amongst them, the most popular methods 
used for orchid transformation are particle bombardment and 
Agrobacterium-mediated transformation. 
 
2.2.2.1 Particle bombardment 
 
 
Particle bombardment, also known as biolistic transformation or microprojectile 
bombardment, is an efficient method for plant transformation. It makes use of 
high-velocity microprojectiles to deliver nucleic acids into plant cells (Klein et al., 
1987). In this method, plasmid DNA is coated onto the surface of gold or tungsten 





blasts of helium gas. Various techniques have been used to help the DNA-coated 
particles penetrate into living cells, including the use of pneumatic devices and 
apparatuses based on acceleration by shock wave, such as electric discharge (Klein et 
al., 1987). 
 
There are two groups of parameters that need to be considered and optimized during 
gene transformation by particle bombardment. The first and foremost are the 
physical parameters associated with non-biological materials, including particle 
acceleration parameters (e.g. gas pressure, gap distance from power source to 
macroprojectile, macroprojectile flight distance, and target distance from 
microprojectile launch site to biological target) and the variables of the microcarrier 
(e.g. type, amount, size). Amongst them, the size of microcarriers and the target 
distance between the stopping screen and the target tissue are considered the most 
important factors (Sanford et al., 1991; Sanford et al., 1993). The second group of 
biological parameters is associated with the nature of target tissues and foreign DNA. 
As the physiological state of target tissues, such as the cell age and size, can 
significantly affect the transformation efficiency, optimization of pre- and 
post-bombardment culture conditions that adjusts the physiological state of target 
tissues is important for gene transformation. In addition, selection of the vectors with 
the appropriate promoters and selection markers is also an essential issue (Sanford et 
al., 1991; Sanford et al., 1993). 
 
As one of the most efficient transformation methods, particle bombardment is 
broadly applied in genetic transformation of orchids. The use of particle 





(1994) and Kuehnle and Sugii (1992) in Vanda and Dendrobium. Subsequently, there 
have been an increasing number of reports of successful gene transfer to other genus 
of orchids, such as Oncidium, Dendrobium, Phalaenopsis, Cymbidium, Brassia, 
Cattleya, and Doritaenopsis (Table 3). 
 
Particle bombardment is widely used because it holds several advantages over other 
transformation methods. Firstly, it can be broadly applied to all plant species, 
including dicot and monocot. Secondly, the DNA delivery mechanism is decided by 
physical parameters rather than biological parameters and is therefore is not limited  
by the type of explants and cells. However, the choice of explants affect the 
competence of cells for regeneration and the occurrence of chimeric plant thus 
optimization of important biological parameters is essential for improving the 
transformation efficiency. Thirdly, particle bombardment can integrate many 
different genes into explants at once by using multiple plasmids and generates stable 
and heritable generations. However, transgene silencing, instability and 
rearrangements occurred at a higher rate with particle bombardment than the 
Agrobacterium-mediated method of gene transformation (Birch, 1997). Lastly, this 
method avoids certain problems which exist in other transformation systems, such as 
poor plant regeneration from protoplasts and low susceptibility to Agrobacterium 
infection (Kuehnle and Sugii, 1992). 
 
Over the years, further optimization and alterations to existing methods were carried 
out by researchers that have lead to an increase in the efficiency of transformation. 
These studies tackle the inadequacies associated with particle bombardment and lead 






Table 3. Orchid transformation by particle bombardment 
 
Orchid genus Explant Selection 
marker 





GFP, 7 regulatory factors
a
 (Albert et al., 2010) 











(Yee et al., 2008) 
Dendrobium Protocorm HPT GFP (Suwanaketchanatit et 
al., 2007) 
Dendrobium callus bar DcOSEP1 (Chai et al., 2007) 
Dendrobium Protocorm HPT CymMV-CS-CP (Chang et al., 2005) 
Dendrobium Callus HPT GFP,  
GUS 
(Tee and Maziah, 2005) 
Oncidium PLB (pretreated 
with sucrose) 
HPT, pflp GUS (Li et al., 2005) 
Phalaenopsis PLB HPT CymMV-CP (Liao et al., 2004) 
Oncidium PLB HPT, pflp GFP-GUS (You et al., 2003) 
Dendrobium, 
Phalaenopsis  
Callus or PLB HPT GUS (Men et al., 2003a) 
Dendrobium PLB NPT II GUS (Yu et al., 2002) 











bar  (Knapp et al., 2000) 
Dendrobium  PLB NPT II DOH1 (Sense and 
antisense) 
(Yu et al., 2000) 
Dendrobium 
 
Protocorm HPT GUS (Yu et al., 1999) 
Cymbidium 
 
PLB NPT II GUS (Yang et al., 1999) 
Phalaenopsis 
 
PLB NPT II,  
bar 
GUS (Anzai et al., 1996) 
Dendrobium Protocorm NPT II GUS (Nan and Kuehnle, 
1995a) 
Dendrobium PLB NPT II luciferase (Chia et al., 1994) 
Dendrobium protocorm NPT II PRV-CP (Kuehnle and Sugii, 
1992) 
 
Abbreviations: “−”: Not shown; Bar, Bialaphos resistance gene; CymMV-CP, Cymbidium mosaic 
virus coat protein; CymMV-CS-CP, Cymbidium mosaic virus Taiwan isolate capsid protein; 
DcOSEP1, Dendrobium crumenatum SEPALLATA-like gene 1; DOH1, Dendrobium orchid 
homeobox 1; GFP, green fluorescent protein; GUS, β-glucuronidase; HPT, hygromycin 
phosphotransferase; LUC, luciferase; NPT, neomycin phosphotransferase; pflp, sweet pepper 
ferredoxin-like protein; PRV-CP, papaya ringspot virus coat protein; PLB, protocorm-like body. 
a 
Seven regulatory factors are: Leaf color (Lc), Colorless1 (C1), Anthocyanin2 (An2), Rosea1 (Ros1), 








chimerism in transformants.  
 
Yang et al.(1999) reported a reproducible method for the gene transfer and 
regeneration of transformed plants from the Cymbidium PLBs using particle 
bombardment. The key to the transformation success was to adopt a liquid culture 
system to stimulate active proliferation of the meristematic tissues pre- and post- 
bombardment and to develop a selection regime that minimizes the toxic influence of 
dying cells on neighboring transformed cells. Yu et al. (1999) also established a 
system for orchid transformation with relatively high frequency with the transgenes 
stably expressed in the transgenic plants. The potentially transformed tissues were 
selected by hygromycin and the transgenic protocorms maintained their transgenic 
characters after propagation for more than 8 months. In another study, Men et al. 
reported the transformation of two species of orchid, Dendrobium phalaenopsis and 
Dendrobium nobile, by biolistic bombardment. They obtained the highest efficiency 
of transformation when selection was conducted at 2 days post-bombardment. About 
12% of Phalaenopsis and 2% of the bombarded calli or PLBs produced independent 
transgenic plants without regeneration of non-transformed plants. The application of 
multiple reporter genes such as green fluorescent protein (GFP) and β-glucuronidase 
(GUS) was reported (Tee and Maziah, 2005), while a three-step selection process 
was established to optimize the selection efficiency (Suwanaketchanatit et al., 2007). 
Other successful examples of orchid transformation by particle bombardment are 
listed in Table 3.  
 






Agrobacterium tumefaciens, a soil bacterium, is able to insert a portion of its plasmid 
(T-DNA) into the genome of plant cells. The procedure of Agrobacterium-mediated 
transformation involves plants cells are being infected with the virulence (vir) genes 
which are present in the Agrobacterium to increase the permeability of plant cells to 
the T-DNA. Subsequently, the T-DNA is excised from the plasmid at its two ends 
and then stably integrated into the chromosome of the plant (Hooykaas and 
Schilperoort, 1992). 
 
Agrobacterium-mediated transformation method has some advantages over other 
approaches. First, fewer copies of T-DNA can be integrated with defined border 
sequences. Second, minimal rearrangement occurs in the plant genome and there is 
preferential integration into transcriptionally active regions of the chromosome. 
Third, high quality and fertility of resultant transgenic plants results in relatively 
easier manipulation (Tingay et al., 1997; Komari et al., 1998). In addition, the cost of 
Agrobacterium-mediated transformation is lower as compared to the biolistic 
approach which requires specialised materials and equipment. After several decades 
of research on Agrobacterium tumefaciens, the technique of 
Agrobacterium-mediated transformation is well established and is a popular choice 
for plant transformation. 
 
A major drawback of Agrobacterium-mediated transformation is its dependence on 
the characteristics of host plants and non-host plants. Although a great number of 
dicotyledons belong to the broad host range of Agrobacterium, most monocotyledons 
and gymnosperms are recalcitrant to transformation and regeneration by this system 





compounds present in the plant species. Phenolic compounds such as acetosyringone 
(AS), coumaryl alcohol and sinapyl alcohol are known as vir gene inducers and can 
be found in the host plants. For parameters of non-host plants, the transformation 
efficiency is mainly determined by the selection of Agrobacterium strains and 
tumor-inducing (Ti) plasmids. 
 
Orchids, belonging to a large family of monocotyledons, are known to be recalcitrant 
to Agrobacterium infection (Men et al., 2003b). Thus, in the past decade, 
transformation of orchids was mostly achieved by particle bombardment. When 
coniferyl alcohol was identified as the vir gene inducer (Nan et al., 1997) in the 
monocot Dendrobium and showed the activation of the Agrobacterium vir gene in 
the presence of phenolic compounds, a new era in orchid transformation was reached. 
Agrobacterium-mediated transformation of orchids has been broadly used since the 
first report of Agrobacterium-mediated transformation was used in different varieties 
of Phalaenopsis (Hsieh et al., 1997). Subsequently, the successful application of 
Agrobacterium-mediated transformation in Dendrobium was reported (Nan, 1998). 
Further optimization of Agrobacterium-mediated transformation in orchids has been 
reported in numerous studies since which are summarized in Table 4. In 2003, Men et 
al. (2003b) developed a protocol to obtain stable transgenic orchids (Dendrobium 
nobile) via Agrobacterium-mediated transformation of protocorm-like bodies 
(PLBs). A high efficiency of transformation (18%) was obtained with a total of 73 
stably transformed lines produced in the presence of 100uM AS and the selection 
marker hygromycin. Besides hygromycin, the use of a novel antibiotic, meropenem 
was reported (Sjahril and Mii, 2006a) to eliminate Agrobacterium with 97% of 






Table 4. Agrobacterium-mediated transformation in orchids 
 
Orchid genus Explant Agrobacterium strain Selection 
marker  
Foreign gene Reference 
Phalaenopsis Callus LBA4404 NPT II LTP (Qin et al., 2011) 
Oncidium PLB GV3101 PMI GFP and NPT II (Thiruvengadam et al., 
2011) 
Cymbidium PLB EHA101 
 
NPT II,  
HPT   
GUS (Chin et al., 2007) 




Embryonic cell suspension culture EHA101 
 
NPT II,  
HPT 
Rice wasabi defensine (Sjahril et al., 2006b) 
Phalaenopsis Immature protocorm EHA101 HPT GUS (Mishiba et al., 2005) 
Phalaenopsis PLB originally transformed with 
CymMV-CP 
EHA105 HPT, pflp, GFP and GUS (Chan et al., 2005) 
Oncidium PLB EHA105  
LBA4404 
HPT GUS (Liau et al., 2003a) 
Dendrobium  PLB AGL1 and EHA105 HPT GUS (Men et al., 2003b) 
Dendrobium PLB LBA4404 NPT II DSCKX1 (sense and 
antisense) 
(Yang et al., 2003) 
Oncidium PLB EHA105 HPT, pflp GFP and GUS (You et al., 2003) 
Oncidium PLB EHA105 HPT, pflp GFP and GUS (Liau et al., 2003b) 
Phalaenopsis Intact and transversely bisected PLB LBA4404 NPT II GUS (Chai et al., 2002) 
Dendrobium  PLB LBA4404 NPT II DOH1 antisense gene (Yu et al., 2001) 
Phalaenopsis Callus LBA4404, EHA101 HPT GUS (Belarmino and Mii, 
2000) 
 
CymMV-CP, Cymbidium mosaic virus coat protein; DOH1, Dendrobium orchid homeobox 1; DSCKX1, Dendrobium Sonia cytokinin oxidase 1; GFP, green fluorescent 
protein; GUS, β-glucuronidase; PMI, phosphomannose-isomerase; HPT, hygromycin phosphotransferase; LUC, luciferase; NPT, neomycin phosphotransferase; pflp, sweet 





months. The first report of a transgenic Phalaenopsis orchid with dual resistance was 
published by Chan et al (2005). By using “gene stacking” in Phalaenopsis via double 
transformation, the authors were able to enhance the resistance of orchids to both 
viral and bacterial phytopathogens. In Cymbidium, the first transgenic orchid 
generated through Agrobacterium-mediated transformation was produced by Chin et 
al. (2007). By co-cultivating protocorm-like bodies (PLB) with Agrobacterium 
tumefaciens strain EHA101 (pIG121Hm) which harbored genes for GUS, 
hygromycin phosphotransferase (hpt) and neomycin phosphotransferase II (nptII), 
genetically transformed plants of Cymbidium were regenerated. The highest 
transformation efficiency was obtained when PLBs from the genotype L4 were 
infected and co-cultivated with Agrobacterium on the medium containing 100 µM 
acetosyringone.  
 




Other direct gene transformation methods, including seed imbibition, pollen tube 
pathway transformation, electrophoresis and electroinjection have been reported in 
Calanthe, Dendrobium and Phalaenopsis (Table 5). Although these methods have 
proven to be successful in orchid transformation, they are not frequently used due to 
their low transformation efficiency. The pollen tube pathway transformation is the 
most frequently used amongst these methods,  
 
During pollen tube-mediated transformation, foreign DNA enters the embryo sac, 






Table 5. Other gene transformation methods used for orchid transformation 
 
Orchid genus Explant Transformation 
method 
Reference 
Dendrobium Seed Imbibition method (Nan and Kuehnle, 1995b) 
Dendrobium Ovary Pollen-tube pathway (Nan and Kuehnle, 1995b) 
Dendrobium Protocorm Electroinjection (Nan and Kuehnle, 1995b) 
Phalaenopsis Ovary Pollen-tube pathway (Hsieh, 1995) 


























within. This method was successfully applied to genetically transform Dendrobium 
and Phalaenopsis orchids (Hsieh, 1995; Nan and Kuehnle, 1995b). 
 
2.2.3 Selection of transgenic orchids 
 
 
The selectable marker is an essential component of a successful plant transformation 
system. Selectable marker genes are used to distinguish transformed from 
non-transformed cells. They integrate into plant genome to express a protein 
corresponding to a specific enzymatic activity. Whether plant cells are sensitive to a  
selection agent is dependent on several factors, such as the genotype of plant 
materials, the activity of selection marker genes and the processes of transformation 
and regeneration. There are several types of selection markers available for screening 
transgenic orchids, which include the visual, antibiotic, herbicide, and pathogen 
resistance selection markers. 
2.2.3.1 Visual selection 
 
 
Visual selection markers are non-invasive so that plant tissues remain intact during 
visualization and selection processes. While the firefly luciferase gene (LUC) and 
green fluorescent protein (GFP) have been widely used for selection of transgenic 
plants, only LUC has been successfully used in orchid transformation (Chia et al., 
1994).  After the LUC gene was integrated into the genome and expressed, it can be 






To increase the efficiency and reproducibility of the transformation, it is necessary to 
eliminate non-transformed tissues during each round of screening by observing 
individual PLBs under a high-power dissecting microscope (Chia et al., 1994; Yang 
et al., 1999). As this method involves photon-counting imaging facilities and 
labor-intensive manual selection, so far it is not widely used in orchid transformation.  
2.2.3.2 Antibiotic selection 
 
 
In the early days of plant transformation, two selectable markers were commonly 
used. The first is Neomycin phosphotransferase (or NPT II), encoded by the npt II 
gene, which is isolated from the transposon Tn5 of Escherichia coli; the other one is 
hygromycin phosphotransferase (HPT), encoded by hpt gene, which is also isolated 
from Escherichia coli and confers resistance to the antibiotic hygromycin B. 
 
NPT II confers resistance to a number of aminoglycoside antibiotics such as 
kanamycin, neomycin, geneticin and paromomycin. It works by inactivating 
aminoglycoside antibiotics and eliminating toxicity through phosphorylation. 
Kanamycin has been successfully applied for selecting transformants in various 
orchid genera, despite some orchids being naturally resistant to it (Kuehnle and Sugii, 
1992; Belarmino and Mii, 2000; Chin et al., 2007). The normal concentrations of 
Kanamycin used as selective agent ranges from 50 to 700 mg l
-1
 (Chia et al., 1994). In 
orchids, it was verified that the concentrations of Kanamycin ranging from 100~200 
mg l
-1
 is effective for orchid transformant selection. However, the untransformed 
tissues need 3~5 months or even longer to eventually die off, varying with the species 
of orchids. For instance, Yu et al. reported that putative transformants could be 
detected after 6~8 months with 200 mg l
-1





Dendrobium Madame Thong-In (Yu and Goh, 2000). It was noticed that high 
concentration of kanamycin can inhibit the regeneration of potential transformed 
tissues hence is not suitable for long period selection. 
 
Hygromycin is significantly more effective than kanamycin in transformation and 
regeneration with regard to the selection time and the frequency of generating 
chimeric plants. This is because Hygromycin is more toxic than kanamycin and can 
eliminate sensitive cells more efficiently. In this case, it is much easier to use 
hygromycin to discriminate which are the transformed cells (Yang et al., 1999; Men 
et al., 2003a; Chang et al., 2005; Li et al., 2005; Yee et al., 2008). The effective 
concentrations of hygromycin used for transformants selection range from 5 to 50 mg 
l
-1
. According to a report from Yu et al. (1999), transformation efficiency can be 
improved by culturing bombarded protocorms on MS medium for 2~3 months before 




2.2.3.3 Herbicide selection 
 
 
Since 1987, the bialaphos resistance gene (bar) from Streptomyces hygroscopicus 
and the phosphinothricin (Pt) N-acetyltransferase gene (pat) from Streptomyces 
viridochromogenes encoding the enzyme PAT have been used as selectable markers 
in plants (Block et al., 1989). When PAT is present, Phosphinothricin (PPT) function 
is repressed. PPT is analogous to glutamate, the substrate of glutamate synthetase 
(GS), and can competitively inhibit GS in a wide range of organisms. The enzyme 





and removes the toxic ammonia from the cell. It is important in regulating nitrogen 
metabolism and ammonia assimilation. When GS is inhibited, ammonia accumulates 
and disrupts chloroplast function, thus interrupting photosynthesis and resulting in 
the death of plant cells (Lindsey, 1992). In the presence of bar gene, PAT inhibits 
PPT and allows for normal nitrogen metabolism regulation and ammonia 
assimilation. On the contrary, wild type plants without the bar gene cannot survive 
with the treatment of PPT or its derived bialaphos. 
 
Herbicides such as BASTA or Finale (Bayer CropScience Pty, Australia) which 
contain PPT can be used to select transgenic plants with the bar gene. However, 
some non-specific growth inhibitors are usually added into commercially sold 
herbicides, which makes them unsuitable for use in culture medium. As such, 
purified PPT or bialaphos are preferred to limit the effects of the growth inhibitors. 
The pure bialaphos has been reportedly used in the particle bombardment 
transformation process in several unrelated orchid genera, such as Brassia, Cattleya, 
Doritaenopsis and Phalaenopsis (Knapp et al., 2000; Anzai and Tanaka, 2001). 
However, the selection of transformants in these cases was more expensive due to the 
need for pure PPT or biolaphos. 
 
L-Methionine sulfoximine (MSO) was recently found to have similar structure and 
function as PPT and it has been used to replace PPT as a selective agent in culture 
medium. MSO is 40 times more effective than PPT and 10 times less costly than 
purified PPT in the selection of transgenic Arabidopsis plants. As MSO can be easily 
obtained commercially, it serves as a more effective and cheaper alternative to PPT 





was the first to use MSO as an agent for selection of transgenic Dendrobium hybrids 
Dendrobium Madame Thong-In and Dendrobium Chao Praya Smile with the bar 
gene as a selectable marker. The appropriate concentration of MSO used for selection 
of transformants was found to be dependent on the type of orchid species. For 
example, 2µM MSO is sufficient for Dendrobium Chao Praya Smile (Figure 6) while 
Dendrobium Madame Thong-In requires 10µM MSO for effective selection of 
transformants. To further verify the potential of MSO as a time and cost saving 
selective agent in orchid transformation, functional studies on orchid transformants 
with transformation systems using MSO as a selection agent are necessary. 
 
2.2.3.4 Pathogen resistance selection 
 
 
Pathogen resistance selection is a novel method used for selecting transgenic plants. 
It works by utilizing the sweet pepper (Capsicum annuum L.) ferredoxin-like protein 
(pflp) gene as selection marker and the bacterium Erwinia carotovora as the selection 
Agent (You et al., 2003). The pflp gene is thought to function as a natural defense 
against infection because of its antimicrobial properties. 
 
Compared with other transformation system, this new approach has some advantages. 
Firstly, it has milder effects on orchid growth as compared to the inhibitory effect of 
antibiotics on orchid development. Secondly, the selection time is shorter than that of 
other methods because the putative transformants can be verified after 1~2 weeks. 
Lastly, the use of pflp as selection marker produces less side-effect regarding toxicity 
or allergenicity of gene product unlike other antibiotic- and herbicide-resistant 











Figure 6. Selection of Dendrobium Chao Praya Smile calli on KC medium 
containing 2 µM L-methionine sulfoximine (MSO) for four weeks 
 
(A) wild-type calli. 




















The pathogen resistance selection system has thus far been used successfully in 
Oncidium (You et al., 2003; Liau et al., 2003b; Li et al., 2005) and Phalaenopsis 
(Chan et al., 2005). The transgenic Oncidium orchid plants showed enhanced 
resistance to Erwinia carotovora, even when the entire plant was challenged with the 
pathogen (You et al., 2003; Liau et al., 2003b). To enhance the resistance of 
Phalaenopsis to both viral and bacterial phytopathogens, Chan et al. (2005) 
introduced a new method of “gene stacking” to confer dual resistance to 
phytopathogens via double transformation.  
 
2.2.4 Conclusion & perspectives 
 
 
As more genes have been isolated and transformed into model systems and crop 
plants, using genetic modification to improve orchid traits is becoming highly 
feasible. Currently, many genes have been isolated from seven orchid genera, 
including Dendrobium, Phalaenopsis, Doritaenopsis, Aranda, Bromheadia, Vanilla, 
Oncidium and Cymbidium (Mudalige and Kuehnle, 2004; Xu et al., 2006). These 
genes are involved in a variety of functions such as primary metabolism, floral 
transition and formation, flower induction and development, flower color and flower 
disease response.  
 
One example of successful genetic engineering of orchids involves the DOH1 gene 
(Yu and Goh, 2000; Yu et al., 2001). It was found that DOH1 plays a key role in 
maintaining the basic plant architecture of orchids through controlling the 





antisense mRNA for DOH1 showed multiple shoot apical meristem formation and 
early flowering. A better understanding of the molecular mechanisms behind orchid 
flowering time control was gained through this study. In another example, Yang et al. 
(2003) cloned a novel putative cytokinin oxidase gene, DSCKX1 (Dendrobium Sonia 
cytokinin oxidase 1) and found that it played an important role in cytokinin 
metabolism and related developmental processes in orchid. Also, Su et al. (2003) 
attempted to use putative cytochrome P450 gene to influence the colour of 
Phalaenopsis flowers. They isolated a putative flavonoid-3',5'-hydroxylase gene 
from Phalaenopsis and cloned it into a plant expression vector. After transformation, 
they obtained transformants with petal colour altered from pink to magenta, 
indicating that the product of the putative flavonoid-3', 5'-hydroxylase gene 
influences anthocyanin pigment synthesis. Biotechnological advancements have also 
enabled the functional analysis of genes isolated from orchids. Chang et al. (2009) 
characterized four AP1/AGL9 functional MADS box genes from Oncidium Gower 
Ramsey, which showed novel expression patterns and played different roles in 
regulating flower transition and formation in Arabidopsis. Almost at the same time, 
they isolated FT and TFL orthologs from Oncidium Grower Ramsey and found that 
these two genes regulate the floral transition from vegetative stage to reproductive 
stage, similar to their orthologs in Arabidopsis (Hou and Yang, 2009).  
 
The introduction of exogenous genes to produce new traits of orchid, such as 
improved resistance to disease or pathogen and increased vase life has also been 
carried out. Examples include the introduction of pflp in orchids to confer resistance 





2005) in Phalaenopsis to enhance resistance to both viral and bacterial 
phytopathogens. 
 
Despite the advancement in transgenic orchid research, many existing problems need 
to be addressed. First of all, although some transformation systems have been 
established using the transgenic technology, the transformation efficiency is low and 
some technical aspects of the systems need to be improved, such as optimization of 
the parameters for particle bombardment. Secondly, although the examples of 
applying Agrobacterium-mediated transformation to orchid transformation are 
increasing, it is not widely used in breeding and functional genomics research. 
Thirdly, even with a lot of studies on optimizing transformation systems, 
subsequenct production of transgenic orchids is still unable to satisfy market 
demands. Therefore, it is important to establish more efficient regeneration and 
selection systems.  
 






























The orchid hybrid Dendrobium Chao Praya Smile was crossed from Dendrobium 
Pinky and Dendrobium Kiyomi Beauty. All plants used in the experiments were 
obtained from Woon Leng Nursery and were grown in the garden, Department of 
Biological Sciences, NUS, Singapore.  
 
3.1.2 Arabidopsis thaliana 
 
 
Arabidopsis wild type with Columbia and Landsberg background, mutants of soc1-2 
and penta (ga1-3, rga, gai, rgl-1, rgl-2, rgl-3) as well as transgenic plants were 
grown in growth chambers (23°C ± 2°C, 16 h of light/8 h of darkness). 
 
3.1.3  Bacterial strains and plasmids 
 
The bacteria strain used for DNA cloning in this study was Escherichia coli 
XL1-Blue, which was grown in liquid or solid LB medium at 37°C. The XL1-Blue 
strain was also used for amplification of plasmid for particle bombardment. The 
Agrobacterium tumefaciens strain used for gene transformation was GV3101, which 
was grown in the LB medium at 28°C.  
 




PGEM-T Easy vector (Promega) was used for molecular cloning in this study. For 
the overexpression constructs, pGreen 0229TI vector was used for the 
overexpression (OE) construct. The pGreen vector used was derived from the 
pGreenII 0000 binary vector (NCBI accession number: EF590266). The T-DNA 
region (NCBI accession number: EU048867) containing the nos-bar selection 
marker gene and the multiple cloning site (MCS) flanked by the double cauliflower 
mosaic virus (CaMV) 35S CP gene promoter (2x35S promoter) with tandem 
enhancers and its transcriptional terminator was inserted into pGreenII 0000 to 
produce the pGreen0229TI vector. The nptI gene confers resistance to kanamycin 
and is used for the selection of bacteria colony during the construction of plasmid. 
The bar gene confers resistance to MSO and is used for the selection of putative 
transgenic orchids (Chai et al., 2007).  
 
3.1.4 Culture conditions and media 
 
 
Under our in vitro orchid culture system for Dendrobium Chao Praya Smile, thin 
sections (1 mm in thickness) of protocorms that developed from seeds served as the 
starting materials. Thin sections, PLBs, and plantlets at the vegetative and 
transitional stage were all cultured in modified liquid KC medium (Knudson, 1946) 
supplemented with 2% (W/V) sucrose, 15% (V/V) coconut water, and 4.4 µM 
benzyladenine (BA) on rotary shakers at 120 rpm (Yu and Goh, 2000). After the 
floral transition, plantlets were transferred to the two-layer modified KC medium 
consisting of a bottom layer of Gelrite-solidified medium and a top layer of liquid 
medium supplemented with 11.1 µM BA as previously reported (Hee et al., 2007; 




Sim et al., 2007). All in vitro cultures on liquid or solid medium were kept at 24°C 




 from daylight fluorescent lamps. 
 
For the selection medium, MSO was added into the KC solid medium as described 
above (Chai et al., 2007). The concentration of MSO used for first round selection 
was 0.5 μM, while the concentration of MSO used for a more severe selection at later 
stage was 2 μM. 
 
3.2   Molecular cloning of DOSOC1 and DOGAI from Dendrobium 
Chao Praya Smile 
 
3.2.1 Extraction of RNA from tissues of Dendrobium Chao Praya Smile 
 
 
To prevent RNase contamination, all the glassware, mortars and pestles were 
autoclaved at 121°C for 1 hr after washing by clean water. RNA was extracted from 
the leaf of DCPS using the RNeasy® Plant Mini Kit (Qiagen), followed the 
procedures recommended by the manufacturer. Buffer RLC was used as the lysis 
buffer. Liquid nitrogen was used to ground plant materials into a fine powder by 
using a mortar and pestle before lysis buffer was added to minimize RNA 
degradation. The purity and concentration of RNA were determined 
spectrophotometrically by measuring absorbance at 260 and 280 nm. The integrity of 
RNA was evaluated by separation on a glyoxal-agarose gel. cDNA was synthesized 




from the total RNA isolated using the ThermoScript
TM
 RT-PCR System (Invitrogen) 
according to the manufacturer 's recommendation. 
 
3.2.2  PCR with degenerate primers 
 
 
To isolate the putative SOC1 orthologs, a pair of degenerate primer was designed 
based on the conserved regions of SOC1 orthologs in other plant species, 
Arabidopsis, Brassica, Vitis, Elaeis, Oryza, and Zea. The CLUSTALW alignment 
of SOC1 orthologues of these six species are shown in Figure 7. The primers 
designed to isolate the middle fragment of SOC1 in DCPS were listed in table 6.  
PCR reaction was carried out in 10μl volumes using the GoTaq® Flexi DNA 
Polymerase system (Promega). PCR reaction was also carried out using the 
iCyclerTM Thermal Cycler version 3.032 (BioRad). The PCR amplification 
conditions were as follows: an initial denaturation at 94ºC for 5 min, followed by 35 
cycles of denaturation at 94ºC for 30 sec, annealing at 58ºC for 30 sec, and 
extension at 72ºC for 1 min, and a final extension at 72ºC for 7 min. The expected 
fragments were about 309bp in size for DOSOC1.  
 
To isolate the putative GAI orthologs, a pair of degenerate primer was designed 
based on the conserved regions of GAI orthologs in other plant species, Arabidopsis, 
Oryza, Triticum, Hordeum  and Zea. The CLUSTALW alignment of GAI 
orthologues of these six orthologs are shown in Figure 8. The primers designed to 
isolate the middle fragment of DELLA in DCPS were listed in table 6.  PCR reaction 






Figure 7. Amino acid sequence alignment of SOC1 in various plant species 
 
Identical residues are indicated by “*” and similar residues are indicated by, “:” 
or “.”, where “:” indicates higher similarity. Dashes indicate gaps. The boxed 
regions indicate conserved sequence motifs from which a pair of degenerate 
primers was designed. The protein sequences of the SOC1-like genes are 
retrieved from NCBI as follows: Arabidopsis, NP_182090.1; Brassica, 
ABP88100.1; Vitis, XP_002277773.1; Elaeis, CAE46180.1; Oryza, 
NP_001048801.1; and Zea, NP_001105152.1.  
 




rice      MKREYQEAGGSSGGGSSA--DMGSCKDKVMAGAAG----EEEDVDELLAALGYKVRSSDM 54 
maize     MKREYQDAGGSGG-------DMGSSKDKMMAAAAGAGEQEEEDVDELLAALGYKVRSSDM 53 
barley    MKREYQDGGGSGGGGD----EMGSSRDKMMVSSSEAG--EGEEVDELLAALGYKVRASDM 54 
wheat     MKREYQDAGGSGGGGG----GMGSSEDKMMVS-AAAG--EGEEVDELLAALGYKVRASDM 53 
ArabGAI   MKRDHHHHHQ---------------DKKTMMMNEEDD-GNG--MDELLAVLGYKVRSSEM 42 
ArabRGA   MKRDHHQFQGRLSNHGTSSSSSSISKDKMMMVKKEED-GGGNMDDELLAVLGYKVRSSEM 59 
           ***:::.                   .* *              *****.******:*:* 
 
rice      ADVAQKLEQLEMAMGMGGVSAPGA-ADDGFVSHLATDTVHYNPSDLSSWVESMLSELNAP 113 
maize     ADVAQKLEQLEMAMGMGGVGGAGATADDGFVSHLATDTVHYNPSDLSSWVESMLSELNAP 113 
barley    ADVAQKLEQLEMAMGMG-----GPAPDDGFATHLATDTVHYNPTDLSSWVESMLSELNAP 109 
wheat     ADVAQKLEQLEMAMGMGGV-GAGAAPDDSFATHLATDTVHYNPTDLSSWVESMLSELNAP 112 
ArabGAI   ADVAQKLEQLEVMMSN---------VQEDDLSQLATETVHYNPAELYTWLDSMLTDLNPP 93 
ArabRGA   AEVALKLEQLETMMSN---------VQEDGLSHLATDTVHYNPSELYSWLDNMLSELNPP 110 
          *:** ******  *.           ::.  ::***:******::* :*::.**::**.* 
 
rice      LPPIPPAPPAARHASTSSTVTGGG--GSGFFELPAAADSSSSTYALRPISLPV--VATAD 169 
maize     PAPLPPATPAPRLASTSSTVTSGAAAGAGYFDLPPAVDSSSSTYALKPIPSPV--AAPSA 171 
barley    PPPLPPAPP-QLNASTSSTVTGGG----GYFDLPPSVDSSSSTYALRPIISPP---VAPA 161 
wheat     PPPLPPAP--QLNASTSSTVTGSG----GYFDLPPSVDSSSSIYALRPIPSPAG-ATAPA 165 
ArabGAI   ----------------SSN----------------------AEYDLKAIPGDAILNQFAI 115 
ArabRGA   P------------LPASSNGLDPV------LPSPEICGFPASDYDLKVIPGNAIYQFPAI 152 
                          **.                      : * *: *         .  
 
rice      PSAADSARDTKRMRTGGGSTSSSSSSSSSLGGGASRGSVVEAAPPATQGAAAANAPAVPV 229 
maize     DPSTDSAREPKRMRTGGGSTSSSSSSSSSMDGGRTRSSVVEAAPPATQASAAANGPAVPV 231 
barley    DLSADSVRDPKRMRTGGSSTSSSSSSSSSLGGGAARSSVVEAAPP--VAAAA-AAPALPV 218 
wheat     DLSADSVRDPKRMRTGGSSTSSSSSSSSSLGGG-ARSSVVEAAPP--VAAAANATPALPV 222 
ArabGAI   DSASSSNQG-------GGGDTYTTNKRLKCSNG------------VVETTTATAESTRHV 156 
ArabRGA   DSSSSSNNQNKRLKSCSSPDSMVTSTSTGTQIGGVIGTTV---TTTTTTTTAAGESTRSV 209 
            ::.* .        ..  :  :..      *                ::*   .:  * 
 
rice      VVVDTQEAGIRLVHALLACAEAVQQENFAAAEALVKQIPTLAASQGGAMRKVAAYFGEAL 289 
maize     VVVDTQEAGIRLVHALLACAEAVQQENFSAAEALVKQIPMLASSQGGAMRKVAAYFGEAL 291 
barley    VVVDTQEAGIRLVHALLACAEAVQQENLSAAEALVKQIPLLAASQGGAMRKVAAYFGEAL 278 
wheat     VVVDTQEAGIRLVHALLACAEAVQQENLSAAEALVKQIPLLAASQGGAMRKVAAYFGEAL 282 
ArabGAI   VLVDSQENGVRLVHALLACAEAVQKENLTVAEALVKQIGFLAVSQIGAMRKVATYFAEAL 216 
ArabRGA   ILVDSQENGVRLVHALMACAEAIQQNNLTLAEALVKQIGCLAVSQAGAMRKVATYFAEAL 269 
          ::**:** *:******:*****:*::*:: ********  ** ** *******:**.*** 
 
rice      ARRVYRFR-PADSTLLDAAFADLLHAHFYESCPYLKFAHFTANQAILEAFAGCHRVHVVD 348 
maize     ARRVYRFRPPPDSSLLDAAFADLLHAHFYESCPYLKFAHFTANQAILEAFAGCRRVHVVD 351 
barley    ARRVFRFRPQPDSSLLDAAFADLLHAHFYESCPYLKFAHFTANQAILEAFAGCRRVHVVD 338 
wheat     ARRVFRFRPQPDSSLLDAAFADLLHAHFYESCPYLKFAHFTANQAILEAFAGCRRVHVVD 342 




ArabGAI   ARRIYRLS--PSQSPIDHSLSDTLQMHFYETCPYLKFAHFTANQAILEAFQGKKRVHVID 274 
ArabRGA   ARRIYRLS--PPQNQIDHCLSDTLQMHFYETCPYLKFAHFTANQAILEAFEGKKRVHVID 327 
          ***::*:   . .. :* .::* *: ****:******************* * :****:* 
 
rice      FGIKQGMQWPALLQALALRPGGPPSFRLTGVGPPQPDETDALQQVGWKLAQFAHTIRVDF 408 
maize     FGIKQGMQWPALLQALALRPGGPPSFRLTGVGPPQPDETDALQQVGWKLAQFAHTIRVDF 411 
barley    FGIKQGMQWPALLQALALRPGGPPSFRLTGVGPPQPDETDALQQVGWKLAQFAHTIRVDF 398 
wheat     FGIKQGMQWPALLQALALRPGGPPSFRLTGVGPPQPDETDALQQVGWKLAQFAHTIRVDF 402 
ArabGAI   FSMSQGLQWPALMQALALRPGGPPVFRLTGIGPPAPDNFDYLHEVGCKLAHLAEAIHVEF 334 
ArabRGA   FSMNQGLQWPALMQALALREGGPPTFRLTGIGPPAPDNSDHLHEVGCKLAQLAEAIHVEF 387 
          *.:.**:*****:****** **** *****:*** **: * *::** ***::*.:*:*:* 
 
rice      QYRGLVAATLADLEPFMLQPEGEADANEEPEVIAVNSVFELHRLLAQPGALEKVLGTVHA 468 
maize     QYRGLVAATLADLEPFMLQPEG-DDTDDEPEVIAVNSVFELHRLLAQPGALEKVLGTVRA 470 
barley    QYRGLVAATLADLEPFMLQPEGEEDPNEEPEVIAVNSVFEMHRLLAQPGALEKVLGTVRA 458 
wheat     QYRGLVAATLADLEPFMLQPEGEEDPNEEPEVIAVNSVFEMHRLLAQPGALEKVLGTVRA 462 
ArabGAI   EYRGFVANTLADLDASMLELRP-----SEIESVAVNSVFELHKLLGRPGAIDKVLGVVNQ 389 
ArabRGA   EYRGFVANSLADLDASMLELRP-----SDTEAVAVNSVFELHKLLGRPGGIEKVLGVVKQ 442 
          :***:** :****:. **: .      .: * :*******:*:**.:**.::****.*.  
 
rice      VRPRIVTVVEQEANHNSGSFLDRFTESLHYYSTMFDSLEGGSSGQ--AELSP--PAAGGG 524 
maize     VRPRIVTVVEQEANHNSGTFLDRFTESLHYYSTMFDSLEGAGAGS--GQSTD--ASPAAA 526 
barley    VRPRIVTVVEQEANHNSGSFLDRFTESLHYYSTMFDSLEGGSSGG-PSEVSSGGAAPAAA 517 
wheat     VRPRIVTVVEQEANHNSGTFLDRFTESLHYYSTMFDSLEGGSSGGGPSEVSSGAAAAPAA 522 
ArabGAI   IKPEIFTVVEQESNHNSPIFLDRFTESLHYYSTLFDSLEGVPSGQ--------------- 434 
ArabRGA   IKPVIFTVVEQESNHNGPVFLDRFTESLHYYSTLFDSLEGVPNSQ--------------- 487 
          ::* *.******:***.  **************:******   .                 
 
rice      GGTDQVMSEVYLGRQICNVVACEGAERTERHETLGQWRNRLGRAGFEPVHLGSNAYKQAS 584 
maize     GGTDQVMSEVYLGRQICNVVACEGAERTERHETLGQWRSRLGGSGFAPVHLGSNAYKQAS 586 
barley    AGTDQVMSEVYLGRQICNVVACEGTERTERHETLGQWRNRLGNAGFETVHLGSNAYKQAS 577 
wheat     AGTDQVMSEVYLGRQICNVVACEGAERTERHETLGQWRNRLGNAGFETVHLGSNAYKQAS 582 
ArabGAI   ---DKVMSEVYLGKQICNVVACDGPDRVERHETLSQWRNRFGSAGFAAAHIGSNAFKQAS 491 
ArabRGA   ---DKVMSEVYLGKQICNLVACEGPDRVERHETLSQWGNRFGSSGLAPAHLGSNAFKQAS 544 
             *:********:****:***:*.:*.******.** .*:* :*: ..*:****:**** 
 
rice      TLLALFAGGDGYRVEEKEGCLTLGWHTRPLIATSAWRVAAA--- 625 
maize     TLLALFAGGDGYRVEEKDGCLTLGWHTRPLIATSAWRVAAAAAP 630 
barley    TLLALFAGGDGYKVEEKEGCLTLGWHTRPLIATSAWRLAAP--- 618 
wheat     TLLALFAGGDGYKVEEKEGCLTLGWHTRPLIATSAWRLAGP--- 623 
ArabGAI   MLLALFNGGEGYRVEESDGCLMLGWHTRPLIATSAWKLSTN--- 532 
ArabRGA   MLLSVFNSGQGYRVEESNGCLMLGWHTRPLITTSAWKLSTAAY- 587 
           **::* .*:**:***.:*** *********:****:::      
 




Figure 8. Sequence alignment of DELLA proteins from several plants 
 
Identical residues are indicated by “*” and similar residues are indicated by, “:” or “.”, 
where “:” indicates higher similarity. Dashes indicate gaps. The boxed regions 
indicate conserved sequence motifs from which a pair of degenerate primers was 
designed. The protein sequences of the DELLA genes are retrieved from NCBI as 
follows: Arabidopsis GAI, CAA75492.1; Arabidopsis RGA, NP_178266.1; barley, 
Q8W127.1; rice, NP_001051032.1; maize, Q9ST48.1 and wheat, Q9ST59.1.  
  




    Table 6. Primers for molecular cloning of DOSOC1 and DOGAI 




























































was carried out in 10μl volumes using the GoTaq® Flexi DNA Polymerase system 
(Promega). PCR reaction was also carried out using the iCyclerTM Thermal Cycler 
version 3.032 (BioRad). The PCR amplification conditions were as follows: an 
initial denaturation at 94ºC for 5 min, followed by 35 cycles of denaturation at 94ºC 
for 30 sec, annealing at 58ºC for 30 sec, and extension at 72ºC for 1 min, and a final 
extension at 72ºC for 7 min. The expected fragments were about 676bp in size for 
DOGAI. 
 
3.2.3 Cloning PCR bands of the expected sizes 
 
 
Gel electrophoresis (BioRad) with 1% (w/v) agarose gel in TAE buffer (40mM 
Tris-acetate and 1mM EDTA, pH=8.3) was performed to examine the PCR 
products. Bands with the expected sizes were excised from the gel using a razor 
blade and the DNA was recovered using QIAquick Gel Extraction Kit (QIAGEN) 
following the manufacturer’s instructions, except that 30 μl of deionised water was 
used for elution instead of 50 μl. The purified DNA was quantified and cloned into 
pGEM-T Easy vector (Promega) byTA cloning. Ligation was set up using T4 ligase 
(New England Biolabs) according to the instructions of the manufacturer. The 
ligation mixture was incubated at 16°C overnight and then transformed into the 
chemically competent E. coli XL1-Blue cells as described below in section 3.2.4. 
 




3.2.4 Preparation of E. coli competent cells for heat-shock transformation 
 
 
E. coli competent cells were prepared based on Inoue et al. (1990) with some 
modifications. Frozen stock of E. coli cells was thawed and cultured on LB agar plate 
at 37ºC overnight. Single colony was inoculated in 1.5 ml SOB medium (Tryptone 20 
g/l, yeast extract 5 g/l, NaCl 0.58 g/l, KCl 0.19 g/l, MgCl2·6H2O 2.03 g/l, 
MgSO4·7H2O 2.46 g/l) in a 15 ml culture tube, and grown for 12 h with vigorous 
shaking (200 rpm) at 37ºC. Pick 500 μl of the above mentioned liquide and then 
inoculated to 100 ml SOB medium in a 1-liter flask, and grown to an A600 of 0.6 at 
about 20ºC with vigorous shaking (225 rpm). The culture was then transferred to two 
ice-cold Falcon tubes (50 ml) and placed on ice for 10 min. Pellet the cells at 
4000rpm for 10 min at 4 ºC. The pellet was gently resuspended in 20 ml freshly 
prepared ice-cold TB (10 mM Pipes, 55mM MnCl2, 15 mM CaCl2, 250 mM KCl, 
pH 6.7). Incubate on ice for 10min and spin at 4000rpm for 10min at 4 ºC. The cell 
pellet was gently resuspended in 4ml TB and DMSO was added with gentle swirling 
to a final concentration of 7%. The cell suspension was immediately aliquoted 
(100-200 μl) into pre-chilled 0.6 ml microfuge tubes, frozen by immersion in liquid 
nitrogen, and stored at -80ºC. 
 
3.2.5 Transformation of E.coli competent cells 
 
A tube with 100 μl frozen competent cells was thawed on ice. The ligation mixture 
was added into the tube and mixed well with the cells by gently tapping. The cells 




were then incubated on ice for 30 min. After incubation, the cells were heat-shocked 
for 90 s at 42ºC in a heat block. Later, it was then transferred immediately to ice and 
incubated for 2 min. 1ml of LB medium (without antibiotics) was added into the 
tube and the cells were allowed to recover at 37ºC for 1 hr with shaking at 250 rpm. 
After 1 hr, the cultured cells were centrifuged (Eppendorf) at 4000 rpm for 3 min at 
room temperature, and 750 μl of LB medium from the supernatant was discarded. 
The cells in the rest of the medium were resuspended and 20 μl of 2% X-gal and 
100μl of 100mM IPTG were added into the mixture for white/blue colour screening. 
The mixture was mixed well by pipetting and then was spread onto LB agar plate 
containing 100 mg/ ml of Ampicillin. The plates were incubated overnight (16 
hours) at 37°C. 
 
3.2.6 Screening of the clones containing the expected fragments 
 
 
Colony-direct PCR was carried out to screen the white colonies. Sterilized white 
tips were used to pick up the white colonies by lightly touching the surface of a 
single white colony on the agar medium. The collected sample was then 
resuspended in 10 μl of sterile water in a sterile 1.7 ml microcentrifuge tube. 0.5 μl 
of this suspension was used as a template for the PCR reaction with SP6 and T7 
primers, which binds to regions within the pGEM-T Easy vector backbone. The 
PCR products were checked by gel-electrophoresis and the colonies that gave bands 
with the expected sizes were cultured in LB medium overnight (16-24 hours) at 
37ºC. 





3.2.7 DNA sequencing and alignment analysis 
 
 
Plasmid DNA was isolated from the bacteria using Wizard® Plus SV Minipreps 
DNA Purification System (Promega) according to the manufacturer’s 
recommendation. The cycle sequencing reaction was prepared by adding 0.1 μl of 
10 μM T7 primers and 2 μl of Big Dye Mix (ABI) into about 100 to 150 ng of DNA, 
and deionised water were added into the mixture to adjust to a final volume of 5 μl. 
The PCR was performed by 25 cycles of denaturation at 95°C for 20 sec, annealing 
at 55°C for 15 sec and extension at 60°C for 1 min. The amplified products were 
purified by ethanol precipitation and the purified samples were sent to the 
Department of Biological Sciences (DBS) sequencing lab for DNA sequencing. The 
sequencing data obtained were blasted against the Basic Local Alignment Search 
Tool (BLAST) nucleotide homology database at the National Centre for 
Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/BLAST) 
to verify the identity of the cloned genes. 
 





 RACE cDNA Amplification Kit (Clontech Laboratories) was used to 
identify the 5’- cDNA and 3’– cDNA end sequences (5’/3’-RACE) of DOSOC1 and 
DOGAI. 5’(3’)-RACE ready cDNA were generated according to the manufacturer’s 
instructions. PCR reaction was carried out using the iCycler
TM 
Thermal Cycler 




version 3.032 (BioRad). To isolate the 3’ end cDNA sequences, an initial PCR 
amplification was carried out using the Universal Primer A Mix (UPM) provided 
with the specific primers of DOSOC1_a and for DOGAI_a  (Table 6). The 3’RACE 
sequence of DOSOC1was obtained by only one round of PCR using the primers of 
UPMA and DOSOC1_a. For obtaining DOGAI, the second round of PCR was 
carried out. As such, the first round PCR product was analyzed by gel electrophoresis 
and DNA was recovered from band with expected sizes according to procedures 
stated in section 3.2.3. Using the recovered DNA as template, nested PCR was 
carried out using the nested primer A provided with the primers DOGAI_b (Table 6). 
Again, the PCR products were analyzed by gel electrophoresis and DNA was 
recovered from bands having the correct sizes. The procedures stated from section 
3.2.3 to section 3.2.6 was repeated and the plasmid DNA was sent for sequencing. To 
isolate the 5’ end -cDNA sequence, the procedures for isolation of the 3’ end-cDNA 
sequences were repeated. The only modification was the change of primers. For 
DOSOC1, only one round of PCR was carried out, using the primers UPM A and 
DOSOC1_2a (table 6). DOGAI_2a and DOGAI_2b (Table 6) were used for the 
isolation of 5’ end -cDNA sequence for DOGAI. The PRC conditions were as follows 
for the initial amplification: an initial denaturation at 94°C for 5 min, followed by 35 
cycles of denaturation at 94ºC for 30 sec, annealing at 60°C for 30 sec, and extension 
at 72°C for 1 min, and a final extension at 72ºC for 10 min. The annealing 
temperature was changed to 65°C for the nested PCR. 
 
 




3.2.9 Full-length cDNA isolation 
 
 
The sequences obtained by RACE were compared with the partial sequences 
obtained by the PCR amplification of the middle fragments. Overlapping fragments 
were identified. Primers were designed to amplify the full-length sequence of the 
genes. For full-length cDNA isolation, the pair of primers used for DOSOC1 is 
DOSOC1_3a and DOSOC1_3b. For full-length cDNA isolation, the pair of primers 
used for DOGAI is DOGAI_3a and DOGAI_3b. PCR was conducted with the 
typical three-step cycle, using the cDNA from carpels as the template, with a 5 min 
initial denaturation at 94°C, 35 cycles of 30 sec denaturation at 95°C, 30 sec 
annealing at 60°C and 90 sec extension at 72°C, followed by a 7 min final extension 
at 72°C. The amplified product was separated by gel electrophoresis and the band 
with correct size was recovered from the gel using QIAquick Gel Extraction Kit 
(QIAGEN). The purified fragments were ligated into pGEM-T easy vector for DNA 
sequencing. 
 
3.2.10 Sequence analysis 
 
 
Alignment of deduced amino acid sequences was made using the Clustal W2 
multiple sequence alignment program (http://www.ebi.ac.uk/Tools/msa/clustalw2/) 
and BOXSHADE 3.21 (http://www.ch.embnet.org/software/BOX_form.html). The 
protein sequences of SOC1-like genes aligned in this study were retrieved from the 
National Center for Biotechnology Information (NCBI) database. They are 




Arabidopsis, NP_182090.1; Brassica, ABP88100.1; Glycine, NP_001236377.1; 
Pisum, AAX47171.2; Vitis, XP_002277773.1; Populus, XP_002302552.1; 
Fragaria, ACR24128.1; Ipomoea, AAY84828.1; Chrysanthemum, BAH97195.1; 
Magnolia, ACV88635.1;  Elaeis, CAE46180.1; Triticum, ABF57922.1; Oryza, 
NP_001048801.1; and Zea, NP_001105152.1. The sequences used for phylogenetic 
analysis included the MADS domain plus the 110 amino acids downstream of the 
MADS domain as previously reported (Yu and Goh, 2000b). The phylogenetic tree 
was constructed with the neighbor-joining algorithm using the software MEGA 4.0 
(http://www.megasoftware.net/). 
 
Alignment of deduced amino acid sequences was made using the Clustal W2 
multiple sequence alignment program (http://www.ebi.ac.uk/Tools/msa/clustalw2/) 
and BOXSHADE 3.21 (http://www.ch.embnet.org/software/BOX_form.html). The 
protein sequences of DELLA-like genes aligned in this study were retrieved from 
the National Center for Biotechnology Information (NCBI) database.  They are 
Arabidopsis, CAA75492.1; Hordeum , Q8W127.1; Oryza, NP_001051032.1; 
Zea,Q9ST48.1; Triticum, Q9ST59.1; Vitis, AEK06229.1; Populus, 
XP_002302975.1; Malus, AAY56750.1; Solanum, AEI25530.1; Gossypium, 
ABG26370.1; Glycine, XP_003538395.1; Brassica, BAG16374.1; Phaseolus, 
BAF62636.1; Lactuca, BAG71200.1 and Antirrhinum, ADA84480.1. The 
phylogenetic tree using the full-length deduced amino acid sequences of the 
DELLA-like genes was constructed with the neighbor-joining algorithm using the 
software MEGA 4.0 (http://www.megasoftware.net/). 






3.3 Characterization of putative genes 
 
3.3.1 Expression analysis of putative genes in different organs 
 
 
3.3.1.1  RNA Extraction and Reverse Transcription for cDNA Synthesis 
 
Total RNA from different tissues were isolated with FavorPrepTM Plant Total RNA 
Mini Kit (FAVORGEN). To eliminate genomic DNA contamination, RNase-free 
DNase (Roche) was used according to the manufacturer’s instructions.  The RNAs 
were reverse-transcribed with M-MLV transcriptase system (Promega) according to 
the manufacturers’ instructions. For further expression analysis, TUBULIN (TUB2) 
was used as an internal control, and oligo (dT)20 was used  for synthesizing 
first-strand cDNA. 
 
3.3.1.2 Semi-quantitative RT-PCR 
 
For checking the expression pattern of DOSOC1 and DOGAI in WT and transgenic 
plants, semi-quantitative RT-PCR was performed using different tissues of DCPS.  
The polyubiqutin of DCPS (DOUbi) and TUB2 of Arabidopsis were amplified with 
primers listed in Table 7 as quantitative controls for RT-PCR. Primers used to detect 
DOSOC1 and DOGAI were listed in Table 7. The amplified PCR products were  





   Table 7. Primers for Semi-quantitative RT-PCR 









   
TUB2 ATCCGTGAAGAGTACCCAGAT  
AAGAACCATGCACTCATCAGC 
 










separated on a 1% agarose gel by electrophoresis, the expression of DOUbi and 
TUB2 were adjusted to give approximately equal intensities in different cDNA 
samples. 
 
3.3.1.3 Quantitative Real-time RT-PCR 
 
For other expression analyses, quantitative real-time RT-PCR was performed. 
Real-time quantitative PCR was performed in triplicates on the CFX384 Real-Time 
PCR Detection System (Bio-Rad) with the SYBR Green Master Mix (Toyobo). The 
amplification condition was 95 °C for 10 min, followed by 40 cycles of amplification 
(95 °C for 15 s, 58 °C for 15 s, 72 °C for 30 s) and plate reading after each cycle. The 
orchid polyubiqutin gene DOUbi and the Arabidopsis TUB2 gene were used as the 
normalization controls for expression analyses in orchid and Arabidopsis, 
respectively. For instance, the difference between the cycle threshold (Ct) of the 
target gene and the Ct of TUB2 (ΔCt = Cttarget gene - Cttubulin) was used as the 
normalized expression of target genes, which is corresponding to 2
-ΔCt
. The 
specificity of real-time primers was evaluated by examining the plot of dissociation 
curve for any abnormal amplification or bimodal dissociation curve, while the 
efficiency were determined by plotting a standard curve base on a series of 10-fold 
dilutions of DNA templates for each pair of primers. Primers used for real-time PCR 
gene are listed in Table 8. The relative gene expression level was calculated as 
previously reported (Liu et al., 2007). 
 
3.3.2 Non-radioactive In Situ Hybridization 
 




Table 8. Primers for real-time RT-PCR 
 









   
TUB2 ATCCGTGAAGAGTACCCAGAT  
AAGAACCATGCACTCATCAGC 
 






















3.3.2.1 Preparation of RNA Probes 
 
A Digoxigenin (DIG) RNA Labeling Kit (Roche) was used to synthesize RNA 
probes. The transcription and labeling reaction was set up as follows: 2 μl of 
transcription buffer, 1μl of 10× DIG labelling Mix, 0.5 μl of RNase inhibitor, 1 μl 
RNA polymerase, 1 μg of template DNA topped up to 10 μl using RNase water. After 
incubation at 37°C for 2 hr, 1 μl of RNase free DNase was added to the reaction 
mixture for 30 min at 37°C to degrade the template DNA. To verify the RNA 
production, 0.5 μl of the reaction product was analyzed by 1% agarose gel. The 
synthesized probe was hydrolysed into 75-100 bp fragments using carbonate 
hydrolysis. The probe synthesis reaction was topped up to  50 μl with 0.1% 
diethylpyrocarbonate (DEPC)-treated water and the RNA products were mixed with 
50 μl of 2× carbonate buffer (80 mM NaHCO3 and 120 mM Na2CO3) and incubated 
at 60°C for a period of time calculated using the following formula. 
 
Incubation time (min) = 
                        (     )      
                              (     )      
   
 
After RNA hydrolysis, 5 μl of 10% acetic acid was added to neutralize the solution. 
Subsequently, neutralized solution was mixed with 10 l of volumes of 3 M NaAc 
(pH 5.2), 250 l of ethanol and 1 μl of 10 mg/ml tRNA, followed by incubation at 
-80°C overnight. The solution was spun down at 4°C for 20 min. The RNA pellet was 




washed with 80% ethanol and spun down for 5 min at 4°C. The pellet was finally 
resuspended in 40 μl of 50% formamide and kept in -80°C fridge. 
 
3.3.2.2 Tissue Fixation  
 
The fixative solution for plant materials was prepared as follows: 1× PBS buffer was 
adjusted to pH 11 using saturated NaOH and heated to 60°C. Paraformaldehyde was 
added and dissolved to reach a final concentration of 4% (w/v). After cooling, the 
fixative pH value was adjusted to 7.0 with H2SO4 and kept on ice. Freshly collected 
plant materials were immersed in the ice-cold fixative in a glass container and under 
vacuum until the plant materials sunk to the bottom of the container. The fixative was 




After fixation, dehydration washes were performed at 4°C on a shaker: 1×PBS buffer 
for 30 min twice, 30% ethanol for 60 min, 40% ethanol for 60 min, 50% ethanol for 
60 min, 60% ethanol for 60 min, 70% ethanol for 60 min, 85% ethanol for 60 min, 








After dehydration, staining and clearing steps were performed at room temperature 
on a shaker as follows: 2×30 min 100% ethanol with 0.05 g/ml of eosin, 2×60 min 
100% ethanol with 0.05 g/ml of eosin twice, 60 min 25% Histoclear in ethanol, 60 
min 50% Histoclear in ethanol, 60 min 75% Histoclear in ethanol, 2×60 min 100% 
Histoclear. At last, the seeds were immersed in 100% Histoclear with 1/4 volume of 
paraplast chips for overnight without shaking. 
 
3.3.2.5 Embedding  
 
Plant materials in clearing solution were placed at 42°C until paraplast chips were 
completely melted and another 1/4 volume of paraplast chips were added. After 
incubation for a few hours at 55°C, the mixture of Histoclear and paraplast was 
removed and replaced with freshly melted paraplast for overnight at 55°C. In the 
following three days, the plant materials were incubated with wax at 55°C with 
newly-melted paraplast changes twice a day.  
3.3.2.6 Sectioning 
 
The plant materials suspended in paraplast were allowed to cool and harden before be 
separated into blocks. The paraplast blocks were secured on sectioning molds using 
melted paraplast. Sectioning was performed on a Leica RM2165 microtome with a 
section thickness set at 8 μm. The tissue ribbons were arranged on a ProbeOn Plus 
glass slide (Fisher Biotechnology) and a few drops of DEPC-treated water were 




added to float the ribbon. The slide was then placed on the top of a 42°C heated slide 
warmer to allow evaporation of water and allow the ribbon to flatten out on the slide. 
Excessive water was then removed and the slide was kept on the slide warmer at 
42°C overnight to achieve complete drying. 
 
3.3.2.7 Section Pre-treatment 
 
All solutions in this step were made RNase-free, tips and a glass slide container was 
autoclaved at 121°C for 1 h, a plastic container was treated with 0.1 M NaOH 
overnight and rinsed with sterile H2O before use.  
 
The slides were placed in the glass slide holder. All washing steps were done on a 
platform rocker. The sections were deparaffinised in Histoclear for 10 min twice. 
Rehydration of slides were carried out at room temperature with the following 
washes: 2×1 min 100% ethanol, 1 min 95% ethanol, 1 min 90% ethanol, 1 min 80% 
ethanol, 1 min 60% ethanol, 1 min 30% ethanol and 1 min RNase-free H2O. After 
rehydration, slides were incubated in 2× SSC buffer (150 mM NaCl, 15 mM Sodium 
Citrate, pH 7.0) for 15-20 min at room temperature followed by incubation with 
proteinase K solution (1 µg/ml proteinase K in 100 mM Tris pH 8, 50 mM EDTA) for 
30 min at 37°C. After proteinase K treatment, the slide holder was returned to room 
temperature for the following steps. The solution was replaced by 2 mg/ml glycine in 
1× PBS buffer for 2 min to quench the remaining proteinase K, followed by twice 1× 




PBS washing for 2 min each. Next, slides were fixed with freshly-made 4% (w/v) 
paraformaldehyde in 1× PBS solution (pH 7) for 10 min and washed with 1×PBS 
twice with 5 min each time. Slides were incubated for 10 min in triethanolamine 
solution (freshly-prepared by adding 2.68 ml of triethanolamine into 200 ml 
RNase-free H2O containing 0.8 ml of 37% HCl and 1 ml of acetic anhydride, mix 
vigorously) and followed by two times washes with 1× PBS for 5 min each. 
Dehydration of slides was done with the following washes: 30 sec 30% ethanol, 30 
sec 60% ethanol, 30 sec 80% ethanol, 30 sec 90% ethanol, 30 sec 95% ethanol and 




For each pair of slides required 240 µl of hybridization buffer mixed with 60 µl of 
probe solution to make the hybridization solution. Hybridization buffer contains 100 
µl 10X in situ salts, 400 µl deionised formamide, 200 µl 50% dextran sulphate, 20 µl 
50X Denhardt’s solution (warm to 50°C before pipetting), 10 µl tRNA (10 mg/ml) 
and 70 µl H2O (DEPC-treated). The total volume of 800 μl hybridization buffer was 
enough for 3 pairs of slides. The probe solution was prepared as follows: 1-2 µl of 
RNA probe from stock at -80°C was topped up to 60 µl with 50% formamide, 
followed by heating at 80°C for 2 min and immediate cooling with ice.  
 




Slides were completely dried in a clean laminar flow cabinet before application of 
hybridization solution. 300 µl of hybridization solution was added to one slide and 
another slide was slowly placed onto the previous slide so that the probe can spread 
throughout the slides interface. Slides were elevated on a rack in a sealed plastic 





To separate slide pairs, they were dipped in 55°C pre-warmed 0.2X SSC buffer 
before placing in the glass slide holder. The slides were washed three times with 0.2X 
SSC for 60 min at 55°C in the hybridization oven equipped with a shaker. Thereafter, 
the slides were washed with 1X PBS buffer at room temperature for 5 min. 
Subsequently, the slides were blocked with 1% Boehringer blocking reagent 
dissolved in 100 mM Tris pH 7.5, 150 mM NaCl for 45min, followed by incubating 
with second blocking solution (BSA/Tris/NaCl/Triton) containing 1.0% Bovine 
Serum Albumin (BSA) dissolved in 100 mM Tris pH 7.5, 150 mM NaCl, 0.3% 
Triton X-100 for 45 min. All incubation steps were performed at room temperature 
on a platform rocker.  
 
Anti-DIG antibody (Roche) was diluted 1:500 in 4 ml of new BSA/Tris/NaCl/Triton 
solution described in previous wash, the antibody solution was poured in a plastic 




weighing dish. Slides were sandwiched together and dipped into the antibody 
solution, which would be drawn by capillary action. Solution was drained on 
Kimwipes and the dipping process was repeated. Great care was taken to avoid 
bubbles between two slides. Slides were elevated on a rack in a sealed plastic 
container containing sterile water and allowed to sit at room temperature for 2 hr. 
After antibody incubation, slides were drained on Kimwipes and separated in the 
glass slide holder containing BSA/Tris/NaCl/Triton solution. This wash was 
repeated 4 times for 15 min each at room temperature on a platform rocker, followed 
by washing with 100 mM Tris pH 9.5, 100 mM NaCl, 50 mM MgCl2 solution (Tris 
pH 9.5/NaCl/MgCl2) for 10 min to remove detergent. The substrate solution 
Tris-NaCl-PVA for color development was prepared as follows: 10% (w/v) 40 kD 
polyvinyl alcohol (PVA) (Sigma) was dissolved in Tris pH 9.5/NaCl/MgCl2 solution, 
which was then heated to 50°C, mixed vigorously, and cooled down to room 
temperature. 60 µl of NBT/BCIP stock solution (Roche) was mixed with 3 ml of 
Tris-NaCl-PVA stock solution and the solution was spun down briefly to remove the 
bubbles. 270 l of prepared substrate solution was added to each pair of slides which 
were then sandwiched in a face-to-face manner. The slides were elevated on a rack in 
the plastic sealed container containing sterile water in total darkness overnight at 
room temperature. 
 
On the next day, slides were separated and placed in the glass slide holder. The slides 
were rinsed with tap water for three times to stop the reaction. The slides were 




dehydrated by washing with 70% ethanol for 5 sec and 2 times 100% ethanol for 2 
sec each. Slides were air dried before being mounted with 50% glycerol for 
maintenance of signals for at least three months and observation under microscopes. 
 
3.3.3 Plasmid construction 
 
 
 3.3.3.1 Fragment Amplification and Cloning 
 
 
To construct 35S:DOSOC1, the DOSOC1 coding region was amplified using 
primers DOSOC1_P1_EcoRI and DOSOC1_P2_XbaI listed in Table 9. The PCR 
products were digested with EcoRI and XbaI and inserted into the corresponding 
sites of the pGreen 0229-35S binary vector (Zhao et al., 2007) 
 
To construct 35S:DOGAI, the DOGAI coding region was amplified using primers 
DOGAI_P1_ApaI  and DOGAI_P2_ EcoRI listed in Table 9. The PCR products 
were digested with ApaI and EcoRI and inserted into the corresponding sites of the 
pGreen 0229-35S binary vector. 
 
To construct 35S:GFP-DOGAI, the DOGAI coding region was amplified using 
primers DOGAI_P3_ EcoRI and DOGAI_P4_ SpeI listed in Table 9. The PCR 
products were digested with EcoRI and SpeI and inserted into the corresponding 
sites of the pGreen 0229-35S binary vector. 
 




Table 9. List of plasmid or primers for synthesis of in situ probes. 
 































The PCR reaction was carried out in 50 μl volumes using the PfuTurbo® DNA 
Polymerase system (Stratagene). PCR reaction was performed using the Applied 
Biosystems GeneAmp® PCR System2700. The PCR programs were as follows: an 
initial denaturation at 95°C for 5 min, followed by 38 cycles of denaturation at 95°C 
for 30 sec, annealing at 56°C for 30 sec, and extension at 72°C for 30 sec, and a final 
extension at 72°C for 10 min. The expected fragments were obtained. After that, the 
PCR products were examined by gel electrophoresis (BioRad) using 1% (w/v) 
agarose gel in TAE buffer (40 mM Tris-acetate and 1mM EDTA, pH = 8.3). Bands 
with the expected sizes were excised from the gel using a razor blade and the DNA 
was recovered with QIAquick Gel Extraction Kit (QIAGEN) following the 
manufacturer’s instructions. 
 
3.3.3.2 Restriction digestion and constructs preparation 
 
The purified PCR products were digested with corresponding enzyme listed in 
section 3.3.2.1 from New England Biolabs. The pGreen0229TI vector was extracted 
from the E. coli host by using the Wizard® Plus SV Minipreps DNA Purification 
System (Promega). The pGreen0229TI vector was digested with corresponding 
enzymes for the cloning listed in section 3.3.2.1. For each digestion, 5 μl of 10x 
buffer, 0.5 μl of 100x BSA and 1 μl of enzyme were used. After that, top up the 
reaction volume to 50 μl by using deionised water. Put all digestions overnight at 
37°C. 
 
After digestion, the products were ligated into T4 DNA ligase (New England 
Biolabs). Ligation was performed under 16°C overnight in a 10 μl reaction mixture 




containing the digested plasmid and insert fragments with a ratio of 1:7, 1 μl of the 
10x T4 ligase buffer and 1 μl of T4 ligase. Transformation was performed as 
described in section 3.2.5 without X-gal and IPTG. After overnight incubation, 
colony was picked and PCR was carried out as listed in section 3.2.6. Instead of T7 
and SP6 primers, 35S and PGP2 primers were used to amplify the fragments. 
 
Colonies with correct band size were picked out and incubated overnight. After that, 
the plasmid DNA was extract from the host E.coli using the Wizard® Plus SV 
Minipreps DNA Purification System (Promega). Remember to save 1 ml of the E. 
coli culture for each construct and stored in 4°C. Sequencing PCR was performed as 
described in section 3.2.7. After the sequence has been confirmed, these stocks will 
be used to amplify in large scale.  
           
3.3.4 Plant transformation for Arabidopsis 
 
 
3.3.4.1 Preparation of Agrobacterium tumefaciens Competent Cells  
 
 
The Agrobacterium tumefaciens GV3101 strain was used to make 
electroporation-competent cells. Single colony of A. tumefaciens cells was picked 
out and inoculated in 1.5 ml of LB medium overnight at 28°C. Add 600ul overnight  
OD600 value of 0.8. Add culture to 50 ml falcon tube, chill on ice and centrifuge for 
20 min at 4°C in full speed. Discard supernatant and resuspend cells in 1 ml of 
ice-cold 20mM CaCl2. Dispense 100ul aliquots into prechilled 1.5ml tubes.  Freeze 
the tubes in liquid nitrogen, and kept at -80°C for long-term storage. 
 




3.3.4.2 Transformation of Agrobacterium tumefaciens by electroporation  
 
An aliquot of 100 ml competent cells was thawed on ice and 2 µl purified plasmid 
was added into the tube and mixed gently by pipette. The mixture was transferred to a 
pre-cooled 1 mm Gene Pulser

 cuvette (Bio-Rad). The conditions for the 
electroporation were 25 µF, 2.5 kV, 200Ω. After electroporation, the electroporated 
bacteria were transferred into a 1ml culture tube with LB medium and continuous 
shaking for 3 h at 28C. The medium was centrifuged at 3000 rpm for 10 min and the 
pellet was re-suspended in 100 ml LB medium. After that, the re-suspension were 
spread on a LB agar plate  with 10 µg/ml tetracycline, 25 µg/ml gentamycin and 25 
µg/ml rifampicin for selecting GV3101 strain and also a specific antibiotic for 
selecting the plasmid. Normally, 50 µg/ml kanamycin was used for pGreen-based 
plasmids. The LB agar plate was incubated in the dark at 28C for 2-3 days. Pick out 
the colonies as template for PCR test. After that, the confirmed colonies with the 
transgenes were cultured for subsequent floral dip. 
 
3.3.4.3 Flower-dip transformation and selection of the transformants 
 
The Agrobacterium-mediated floral dip transformation method was based on 
previous report (Clough and Bent, 1998). A desired construct was transformed into 
GV3101 cells and cultured at 28°C until the OD600 value reached 0.8. After that, the 
culture was precipitated at 4000 rpm for 10 min. The pellet was re-suspended in a 
solution with 5% sucrose and 0.015% Silwet L-77. Flower buds of the desired plants 
were submerged in Agrobacterium cell suspension for 40 seconds. Surely the dipping 
can be recurred once more. After dipping, the plants were covered by a black plastic 




bag overnight in order to improve the transformation efficiency. The transformed 
plants were grown under normal conditions like normal plants. Their first generation 
(T1) seeds were collected and grown. When the seeds grow to be a very young 
seedling with the first rosette leaf, they will be screened by 3% BASTA (for the 
selection of pGreen-based constructs). 
 
3.3.5 Particle bombardment transformation of orchid calli  
 
 
3.3.5.1 Preparation of orchid calli and microcarriers 
 
The calli of Dendrobium Chao Praya Smile used for particle bombardment were 
subcultured in liquid KC medium. Three days prior to particle bombardment, the 
calli were cut into small pieces of about 3-5 mm in diameter and 2 mm in thickness 
and were cultured in modified KC liquid medium containing 1 mg/l BA. Before 
bombardment, the pre-cultured calli were placed in a central core of around 2 cm in 





 Gold Carrier Particles (Seashell Technology) was used for the 
particle bombardment.  The microcarriers were prepared according to the Seashell 
Technology Plasmid DNA Binding Particle Formulation Protocol. The microcarriers 
coated with DNA were re-suspended in 100% ethanol and spread evenly on the 
central core of about 1cm in diameter on the macrocarrier using pipette tips.  
 
3.3.5.2 Particle bombardment  
 




the Model PDS-1000/He Biolistic® particle Delivery System (Bio-Rad) were used to 
bombard the pre-cultured calli as follows: first, the bombardment chamber was 
evacuated until the pressure of 700 mmHg; all bombardments were performed at the 
distance of 9 cm from the stopping screen to the surface of the samples at the helium 
gas pressure of 1350 psi. Generally, each bombardment delivered about 6-8 μg 
plasmid DNA to 1 mg gold particles. The bombarded calli were incubated at 24°C 
with a photoperiod of 16 hrs for four days for recovery.  
 
3.3.5.3 Selection of putative transformants  
 
Four days later, the bombarded calli were recovered and transferred into modified  
KC solid medium with 1 mg/l BA and 2 μM MSO for for initial selection of putative 
transformants. To avoid obtaining chimeric plants, necrotic tissues of calli were 
removed, while surviving calli were cut into small pieces and subcultured onto fresh 
solid medium every two weeks. After three rounds of selection, surviving calli were 
transferred to modified KC solid medium containing 2 μM MSO for lethal selection.  
Subcultures for removing necrotic tissues and further dividing surviving calli were 
performed every 2 weeks.  After other three rounds of selection, proliferated 
protocorm-like bodies from surviving calli were identified as putative transformants 
and continuously cultured on modified KC solid medium containing 2 μM MSO 
before they were used for further studies. 
 
3.3.6 Agrobacterium-mediated transformation of orchid protocorms  
 
 
3.3.6.1 Pre-culture of orchid protocorms  
 




The protocorms of Dendrobium Chao Praya Smile which grow from seeds for one 
month old had been cultured in liquid KC medium on shaker and were used for the 
Agrobacterium-mediated transformation.  
 
3.3.6.2 Preparation of Agrobacterium  
 
The overexpression construct of DOGAI was introduced into Agrobacterium 
competent cells by electroporation. Agrobacterium-mediated transformation was 
carried out as described in section 3.3.3.2.  Once the colony with desired construct 
was obtained, it was inoculated into 15 ml of LB broth containing the four antibiotics 25 
mg/l gentamycin, 10 mg/l tetracycline, 50 mg/l kanamycin and 50 mg/l rifampicin and 
100 μM of AS. The culture was incubated in the dark at 28°C with shaking at 240 rpm. 
The O.D.600 of the culture was detected using a UV spectrometer. 
 
 
3.3.6.3 Co-cultivation with Agrobacterium  
 
 
To transform the orchid protocorm, Agrobacterium medium was added into 
previously pre-cultured protocorms in KC medium. Every time when the O.D.600 of 
the Agrobacterium culture reached about 0.2, 0.4 and 0.6, 4 ml of the culture was 
taken out and added into 40 ml of the protocorms in KC medium. The transformation 
cultures were cultured for 6 hours at 24°C with shaking at 120 rpm.  
 
After that, co-cultivation of Agrobacterium and orchid protocorms was carried out. A 
cell strainer (Becton Dickinson Labware) made with 100 μm Nylon mesh was used to 
filter out protocorms. Then the protocorms were evenly spread on a piece of filter 




paper which was placed on KC solid medium supplemented with 100 μM of AS. The 
co-cultivation plates were incubated at 24°C for three to four days. After the 
transformation, wash protocorms with deionised water containing 200 mg/l 
carbenicillin and then transfer protocorms to a piece of filter paper which was placed 
on solid KC medium supplemented with 200 mg/l carbenicillin in order to kill the 
remaining Agrobacterium co-cultured with protocorms. The protocorms were 
cultured under light at 24°C for 3 days (Figure 9). This process was repeated until the 
remaining Agrobacterium has been killed completely. After disinfection, the 
protocorms were plated on KC solid medium supplemented with 0.5 μM MSO, 1 
mg/l BA and 0.5 mg/l NAA. 200 mg/l carbenicillin was used to prevent the growth of 
Agrobacterium. The protocorms were transferred into new solid medium every two 
weeks. After three rounds selections, the protocorms were transferred to KC solid 
medium supplemented with 1 mg/l BA, 0.5 mg/l NAA, 2.0 μM MSO and 200 mg/l 
carbenicillin for further selection. After another three rounds of selection, 
proliferated protocorms were identified as putative transformants and continuously 
cultured on KC solid medium containing 1 mg/l BA, 0.5 mg/l NAA, 2.0 μM MSO 
and 200 mg/l carbenicillin before they were used for further studies.  
 
3.3.7 Molecular analysis of the transformants 
 
3.3.7.1 Preparation of genomic DNA  
 
 
100 mg calli or protocorms were obtained from putative transgenic plants. Tissues 
were grinded in liquid nitrogen using a mortar and pestle. DNeasy® Plant Mini Kit 
(QIAGEN) was used to extract genomic DNA from the crushed tissues.  
  





   
 
Figure 9. Protocorm status after a period of co-cultivation with Agrobacterium 
 
To genetically transform protocorms, protocorms were first incubated in liquid 
medium with Agrobacterium cells and then transferred to solid medium for three 
days of co-cultivation with Agrobacterium. Majority of the protocorms survived 
co-cultivation with Agrobacterium. Red arrows indicate protocorms that did not 
survive, while black arrows indicate surviving protocorms after transformation. 
  






3.3.7.2 PCR analysis 
 
 
For the PCR analysis of the putative transgenic plants with 35S:DOSOC1 and      
35S:DOGAI, a partial sequence of 2×35S promoter was used as the forward primer 
 
while the DOSOC1_P1_EcoRI and DOGAI_P1_ApaI were used as reverse primers 
for DOSOC1 and DOGAI respectively. The sequence of the 2×35S promoter is 
5’-GACCCTTCCTCTATATAAGGAAGTTC-3’ while the sequences of the reverse 
primers are listed in Table 9. PCR was performed to detect the transformants. The 
PCR products were then examined by gel electrophoresis (BioRad) using 1% (w/v) 
agarose gel in TAE buffer (40 mM Tris-acetate and 1 mM EDTA, pH=8.3).    
 
3.4 Confocal Laser Microscopy  
 
 
The Arabidopsis wildtype transgenic line was generated by genetic transformation of 
35S promoter:GFP-DOGAI into Arabidopsis WT. 7-d-old transgenic seedlings 
expressing GFP fluorescence under the control of the 35S promoter were treated with 
GA for 2 hours and PAC for 16 hours on MS plates. The root tips of were mounted on 
microscope slides and GFP fluorescence was detected using a Zeiss LSM-510 
confocal laser microscope.  
 




A Zeiss (Jena, Germany) LSM510 inverted confocal laser microscope with 40_ and 
63_ oil objectives was used in these studies. To detect the GFP fluorescence, the 
excitation wavelength of 488 nm and a bandpath filter of 510 to 525 nm were used for 
emission. In addition, three-dimensional images were reconstructed using the 











































































4.1.1  Isolation of DOSOC1 from Dendrobium Chao Praya Smile 
 
  
To facilitate molecular genetic studies in orchids, we have previously created an 
efficient and reproducible gene transformation system utilizing MSO as an agent for 
selection of transgenic Dendrobium Chao Praya Smile with the bar gene as a 
selectable marker (Chai et al., 2007). In addition, in vitro orchid culture systems have 
been developed for several Dendrobium hybrids, including Dendrobium Chao Praya 
Smile (Yu and Goh, 2000a; Hee et al., 2007; Sim et al., 2007). These efforts have 
established Dendrobium Chao Praya Smile as a tractable system for investigating key 
regulatory genes in the control of orchid development. 
 
To isolate SOC1-like genes from Dendrobium Chao Praya Smile, we compared the 
protein sequences of SOC1-like genes from various flowering plants, and designed 
degenerate forward and reverse primers from the conserved regions of the K domain 
and the SOC1 motif at the C-terminus (Vandenbussche et al., 2003; Nakamura et al., 
2005), respectively (Figure 10). A cDNA fragment of around 300 bp was amplified 
by reverse transcription-PCR using total RNA extracted from leaves. As sequence 
alignment revealed high similarity of this fragment to SOC1 orthologs from various 








belong to the aliphatic group of amino acids, whether their similar structure and 
general chemical characteristics contribute to the specific function of SOC1-like 
proteins in plants remains an intriguing question to be further investigated.  
 
A phylogenetic tree based on the analysis of MIK region was further constructed to 
determine the evolutionary relationship between DOSOC1 and other SOC1-like 
proteins, (Figure 11). The tree showed that DOSOC1 was clustered in Clade 1 that 
mostly included SOC1 and its orthologs from eudicots, such as GmSOC1 from 
Glycine max and BrAGL20 from Brassica rapa, whereas the other SOC1 orthologs 
from monocots, such as OsSOC1 from Oryza sativa and ZmMADS1 from Zea mays, 
were clustered in Clade 2.  
  
4.1.3.2 Temporal and spatial expression patterns of DOSOC1 
 
To investigate genes involved in the floral transition, we optimized an in vitro orchid 
culture system for Dendrobium Chao Praya Smile (Figure 12) based on the 
approaches established for several Dendrobium hybrids (Yu and Goh, 2000a; Hee et 
al., 2007; Sim et al., 2007). This system allowed rapid in vitro development of 
Dendrobium Chao Praya Smile from vegetative to reproductive phase within about 3 
months, which overcame the time constraint for investigating flowering time genes 
in many other orchids that could have a long juvenile phase up to 30 months (Hee et 
al., 2007). Under our culture conditions, the starting materials, which were thin 
sections of protocorms, generated protocorm-like bodies (PLBs) about 0.5 cm in 
length within four weeks (Figure 12).  These PLBs further developed into vegetative  
Figure 10. Alignment of the amino acid sequences of DOSOC1 and its orthologs 
from other plant species  
Black and gray boxes indic te identical and similar residues, respectively. The regions of 
MADS domain, K domain, and the specific SOC1 motif are underlined. Arrows indicate 
the conserved amin  acid sequences that we e used for d igning degen ate forward and 
reverse primers to amplify SOC1-like genes in Dendrobium Chao Praya Smile. The 
protein sequences of SOC1-like genes aligned in this study were retrieved from NCBI.  
The names of respective species are given behind the corresponding protein names as 
follows: IbSOC1, Ipomoea batatas; CmSOC1, Chrysanthemum; FvSOC1, F agaria 
vesca; SOC1, Arabidopsis thaliana; BrAGL20, Brassica rapa; GmSOC1, Glycine max; 
PsSOC1a, Pisum sativu ; VvMADS8, Vitis vinifera; PtSOC1, Populus richo arpa; 
MvSOC1, Magnolia virginiana; EgAGL20-like, Elaeis guineensis; DOSOC1, 
Dendrobium Cha  Praya Smile; OsSOC1, Oryza sativa; ZmMADS1, Z a mays;






DOSOC1 (GenBank accession number KC121576), using the Rapid Amplification 
of cDNA Ends (RACE) method.   
 
DOSOC1 cDNA is 725 bp in length with a 669 bp coding region. Similar to other 
known MADS-box genes, the deduced amino acid sequences of DOSOC1 contain a 
well-conserved MADS domain, a less-conserved K domain, and a divergent C- 
terminal region (Figure 10). DOSOC1 shared 52% sequence identity with the 
Arabidopsis SOC1, and shared even higher sequence identity with SOC1 orthologs 
in other monocots, such as EgAGL20 (Elaeis guineensis; 63% identity), OsSOC1 
(Oryza sativa; 57% identity), and ZmMADS1 (Zea mays; 56% identity). Multiple 
sequence alignment of DOSOC1 and other SOC1-like proteins further confirmed the 
presence of a well-conserved SOC1 motif containing 11 amino acid residues at their 
C termini  (Figure 10), which is only specific in the TM3 clade of MADS-box genes 
from gymnosperms and angiosperms (Vandenbussche et al., 2003; Nakamura et al., 
2005). These sequence analyses indicate that DOSOC1 is a SOC1 ortholog in the 
orchid Dendrobium Chao Praya Smile. Interestingly, three amino acid residues, Val  
(V; 2nd), Leu (L; 6th), and Gly (G; 9th), in the SOC1 motif are identical in all 
SOC1-like proteins examined (Figure 10). As these three amino acid residues all 
belong to the aliphatic group of amino acids, whether their similar structure and 
general chemical characteristics contribute to the specific function of SOC1-like 
proteins in plants remains an intriguing question to be further investigated.     
 
A phylogenetic tree based on the analysis of MIK region was further constructed to 
determine the evolutionary relationship between DOSOC1 and other SOC1-like 







Figure 11. Phylogenetic analysis of DOSOC1 and its orthologs from various plant 
species. 
 
The phylogenetic tree was generated with the neighbor-joining algorithm. 
DEFICIENS-AGAMOUS-LIKE2 (DAL2) (X79280) of Picea abies was chosen as an 
outgroup. The length of the branches is proportional to phylogenetic distances. 






mostly included SOC1 and its orthologs from eudicots, such as GmSOC1 from 
Glycine max and BrAGL20 from Brassica rapa, whereas the other SOC1 orthologs 
from monocots, such as OsSOC1 from Oryza sativa and ZmMADS1 from Zea mays, 
were clustered in Clade 2.  
  
4.1.2 Temporal and spatial expression patterns of DOSOC1 
 
To investigate genes involved in the floral transition, we optimized an in vitro orchid 
culture system for Dendrobium Chao Praya Smile (Figure 12) based on the 
approaches established for several Dendrobium hybrids (Yu and Goh, 2000; Hee et 
al., 2007; Sim et al., 2007). This system allowed rapid in vitro development of 
Dendrobium Chao Praya Smile from vegetative to reproductive phase within about 3 
months, which overcame the time constraint for investigating flowering time genes 
in many other orchids that could have a long juvenile phase up to 30 months (Hee et 
al., 2007). Under our culture conditions, the starting materials, which were thin 
sections of protocorms, generated protocorm-like bodies (PLBs) about 0.5 cm in 
length within four weeks (Figure 12).  These PLBs further developed into vegetative 
plantlets over the next four weeks. Most of these plantlets produced the typical 
transitional shoot apical meristem with narrowing of two visible youngest leaves 
toward the apex after another 4 weeks in culture, after which the plantlets entered 
into the reproductive stage with normal inflorescence and flower development.    
 
To characterize the function of DOSOC1, we first examined the spatial expression of 
DOSOC1 in various orchid tissues by quantitative real-time PCR. DOSOC1 







Figure 12. Main developmental stages during in vitro cultivation of orchid 
Dendrobium Chao Praya Smile from PLB formation to flower development. 
 
Thin sections of protocorms were used as starting materials and cultured in modified 
liquid KC medium to induce the formation of protocorm-like bodies (PLBs) within four 
weeks. PLBs further develop into plantlets at the vegetative and transitional stage in 
liquid medium in the next eight weeks. After the floral transition from vegetative to 
reproductive growth, plantlets were transferred to two-layer modified KC medium for 
further inflorescence and flower development. The duration of each developmental 
stage is defined according to the similar status of more than 60% of the plantlets 







stems, and leaves, whereas its expression in reproductive organs, such as 
inflorescence apices, pedicels, floral buds, and open flowers, significantly increased 
(Figure 13A). These results indicate that DOSOC1 function might be closely 
associated with the reproductive development of Dendrobium Chao Praya Smile.   
 
To understand whether DOSOC1 plays a role similar to SOC1 in regulating 
flowering time, we studied the temporal DOSOC1 expression in whole plants at 
various developmental stages of Dendrobium Chao Praya Smile growing under our 
in vitro culture system (Figure 13B). DOSOC1 expression was low in 3-week-old 
PLBs and 5-week-old vegetative plantlets, and dramatically increased in the plantlets 
progressing from the late vegetative stage to the floral transitional stage. Its 
expression reached the maximal level in 11-week-old plantlets at the transitional 
stage, and gradually decreased in the plantlets that were developing inflorescences 
and flowers. The observation of upregulation of DOSOC1 in Dendrobium Chao 
Praya Smile is similar to the increased SOC1 expression in Arabidopsis during the  
floral transition, implying that DOSOC1 may play a conserved role in promoting 
flowering in orchids.  
 
We then performed in situ hybridization to examine the localization of DOSOC1 
transcripts in shoot apices of Dendrobium Chao Praya Smile in order to gain further 
insight into the DOSOC1 function. Consistent with its low expression in vegetative 
plantlets measured by quantitative real-time PCR, DOSOC1 was barely detectable in 






Figure 13. Quantitative analysis of DOSOC1 expression in various tissues and 
at different developmental stages of Dendrobium Chao Praya Smile 
(A) Expression of DOSOC1 in various tissues. Rt: Root; Sm, Stem; Lf, Leaf; IA, 
Inflorescence apex; Pl, Pedicel; FB, Floral bud; OF, Open flower. (B) Time-course 
expression of DOSOC1 in orchid plants at various developmental stages as 
described in Fig 3. PLB, protocorm-like bodies; VS, vegetative stage; TS, 
transitional stage; IFD, Inflorescence and flower development. Transcript levels in 
(A) and (B) were determined by quantitative real-time PCR analyses of three 
independently collected samples. Expression results were normalized against the 









Figure 14. In situ localization of DOSOC1 transcripts in shoot apices of Dendrobium 
Chao Praya Smile 
 
(A) DOSOC1 is not detectable in serial sections of a 6-week-old vegetative shoot apex. 
Asterisks indicate vegetative shoot apical meristems. (B) DOSOC1 is specifically expressed 
in emerging floral meristems (arrowheads) and vascular tissues (arrows) in serial sections of 
a 10-week-old shoot apex at the floral transitional stage. Asterisks indicate inflorescence 





floral transitional stage, DOSOC1 was specifically expressed in an emerging floral 
meristem and the vascular tissues below the shoot apical meristem, but not in the 
shoot apical meristem (Figure 14B). Thus, DOSOC1 exhibits a distinct expression 
pattern in the inflorescence apex from SOC1 in Arabidopsis, which is upregulated in 
the inflorescence shoot apical meristem during the floral transition, but 
downregulated in emerging floral meristems (Lee et al., 2000; Liu et al., 2007). The 
distinct expression patterns of DOSOC1 and SOC1 in the inflorescence apex indicate 
the possible divergence of their functional modes in orchids and Arabidopsis during 
the floral transition, although both of them are upregulated during the transition from 
vegetative to reproductive development.  
 
4.1.3  DOSOC1 promotes flowering in Arabidopsis 
 
We created transgenic Arabidopsis plants in which DOSOC1 was driven by the 
cauliflower mosaic virus (CaMV) 35S promoter to explore the biological function of 
DOSOC1. Out of eighteen independent 35S:DOSOC1 transgenic Arabidopsis lines 
obtained at the T1 generation, four lines were phenotypically indistinguishable from 
wild-type plants that produced 9 to 11 rosette leaves when bolting under LDs, while 
all the other transgenic lines showed earlier flowering typically with 7 and 8 rosette 
leaves (Figure 15A, B). Consistent with the early-flowering phenotype observed in 
35S:DOSOC1 transgenic Arabidopsis lines, DOSOC1 was highly expressed in a 
representative 35S:DOSOC1 line, but not in a wild-type Arabidopsis plant (Figure 







Figure 15. Overexpression of DOSOC1 in Arabidopsis causes early flowering 
 
 (A) 35S:DOSOC1 in both wild-type and soc1-2 genetic backgrounds accelerates 
flowering.  A wild-type Arabidopsis plant shows later flowering than a representative 
35S:DOSOC1 plant at 28 days after germination under long days (Left panel), while a 
soc1-2 mutant shows later flowering than a representative soc1-2 35S:DOSOC1 plant at 
35 days after germination under long days (Right panel). (B) Distribution of flowering 
time in T1 transgenic plants carrying 35S:DOSOC1 in wild-type and soc1-2 
backgrounds under long days. (C and D) Examination of DOSOC1 expression in 
representative 35S:DOSOC1 (C) and soc1-2 35S:DOSOC1 (D) plants shown in (A) by 





We further overexpressed DOSOC1 in Arabidopsis soc1-2 loss-of-function mutants 
to test whether DOSOC1 could compensate for the loss of SOC1. Twenty 
independent soc1-2 35S:DOSOC1 transgenic Arabidopsis lines were obtained at the 
T1 generation (Figure 15A, B). Among these lines, four soc1-2 35S:DOSOC1 
transgenic lines showed flowering time similar to soc1-2, which displayed late 
flowering with 18 to 20 rosette leaves under LDs. Other sixteen soc1-2 35S:DOSOC1 
transgenic lines exhibited rescue of late flowering of soc1-2 to different extents. 
Consistently, DOSOC1 was highly expressed in a representative soc1-2 
35S:DOSOC1 line that flowered earlier than soc1-2, but not in a soc1-2 mutant 
(Figure 15A, C). 
 
As SOC1 accelerates flowering through upregulating other downstream flowering 
promoters, such as AGL24 and LFY, in Arabidopsis (Yu et al., 2002; Lee et al., 2008), 
we then examined whether these genes were similarly affected by DOSOC1 in 
35S:DOSOC1 transgenic lines. Expression analysis demonstrated that the expression 
of both AGL24 and LFY was evidently elevated in 5-day-old 35S:DOSOC1 as 
compared to wild-type seedlings (Figure 16). 
 
These observations suggest that DOSOC1 plays a role as SOC1 in the promotion of 
flowering partially through engaging similar downstream regulators in Arabidopsis. 
However, we noticed that in Arabidopsis, the degree of early flowering promoted by 
overexpression of DOSOC1 (Figure 15B) was less than what was observed for 
overexpression of SOC1 (Lee et al., 2000; Liu et al., 2007). In addition, 











Figure 16. Overexpression of DOSOC1 in Arabidopsis upregulates AGL24 and         
LFY 
 
Transcript levels of AGL24 and LFY were determined by quantitative real-time PCR 
analyses of 5-day-old wild-type and 35S:DOSOC1 seedlings. Expression results 







soc1-2 (Figure 15B). Thus, although DOSOC1 and SOC1 share the conserved 
promotive function during the floral transition, they could evolve with different 
molecular features in orchids and Arabidopsis, respectively. 
 
4.1.4  In vitro flowering in orchids 
 
 
To create transgenic plants and compare flowering time in transgenic and wild-type 
plants, it is important for us to create an effective in vitro flowering system for 
Dendrobium Chao Praya Smile. Based on this effective in vitro flowering system, it 
could be easier to compare flowering phenotype within a relatively short duration 
after gene transformation.  
 
To overcome the long juvenile phase of orchid cultures, protocols to induce early in 
vitro flowering have been developed in several Dendrobium orchids including 
Dendrobium Chao Praya Smile (Wang et al., 1997; Hee et al., 2007; Sim et al., 2007; 
Tee et al., 2008; Deb and Sungkumlong, 2009; Wang et al., 2009). Based on these 
protocols, we generated an effective set of mediums from seed germination to in vitro 
flowering. 
 
To optimize both solid and liquid medium for seeds germination, first we sowed 
seeds on solid medium of Knudsom C orchid medium  and Knudson C modified plus 
orchid medium. The results show that KC modified plus orchid medium is better than 
KC orchid medium for seed germination, because seeds grown on KC modified 
medium turned green in about 3-5 days while seeds grown on KC medium took 7-10 





activated charcoal, sucrose and banana powder in the KC modified medium, which 
can promote seed germination. For liquid medium, we tried normal KC medium plus 
15% coconut water and modified KC medium. Also, we adjusted each medium to 
different pH values at 4.5 and 5.3. At last, we found that modified KC medium with a 
pH value at 4.5 is better than other liquid medium.  
 
To optimize the medium for protocorm growth, we sowed seeds in liquid KC 
modified medium for two weeks and then transferred them into liquid media with 
different BA concentrations. After two weeks’ incubation on rotor shaker, we found 
that KC modified medium with 0.5mg/l BA is better for protocorm growth compared 
with other mediums (Figure 18).  
 
To optimize the medium for calli growth, we dispersed one gram healthy calli in 
liquid KC modified medium with different hormones. Comparing calli grown in 
liquid KC modified medium without hormones, with BA and NAA and with BA only, 
we found that liquid KC modified medium with BA only is the best for calli growth 
(Figure 19).  
 
For flower induction, we used a double-layer medium to induce flowering. By using 
this medium supplemented with BA, we found that Dendrobium Chao Praya Smile 
was induced to flower within 6 months after germination. Furthermore, we analyzed 
the effects of BA on flowering induction in Dendrobium Chao Praya Smile. Plantlets 
grown in BA-free medium did not produce inflorescence. Plantlets grown in medium 








Figure 17. Medium optimization for seeds germination 
 
(A) Seeds sown on solid medium of Knudsom C orchid medium for six weeks 























Figure 18. Medium optimization for protocorm growth of Dendrobium Chao 
Praya Smile 
 
(A) Protocorms grown in liquid KC modified medium without BA. 
(B) Protocorms grown in liquid KC modified medium with 0.25mg/l BA. 
(C) Protocorms grown in liquid KC modified medium with 0. 5mg/l BA. 
(D) Protocorms grown in liquid KC modified medium with 1mg/l BA. 
(E) Protocorms grown in liquid KC modified medium with 3mg/l BA. 























Figure 19. Medium optimization for growth of calli of Dendrobium Chao Praya 
Smile 
 
(A) One gram healthy calli in fresh medium. 
(B) Calli grown in modified KC medium without BA for two weeks.  
(C) Calli grown in modified KC medium with 1mg/l BA & 1mg/l NAA for two    
weeks. 










medium with other BA concentrations. Each flowering plantlet produced one to two 
inflorescence stalks with an average of one to two buds. In the process of induction, 
inflorescence was produced earliest at 5 weeks after the plantlets were transferred to 
two-layer culture at 2.5mg/l and 5mg/l of BA. It was found that 2.5mg/l of BA is 
better as it results in a higher rate of inflorescence induction after 8 weeks. Both 
complete and incomplete flowers were observed in the plantlets. About 45% of the 
flowering plantlets produced complete flowers, while another 55% of the flowering 
plantlets produced incomplete flowers. In complete flowers, some had normal floral 
organs (Figure 20A) and some had abnormal organs (Figure 20B). In incomplete 
flowers, some floral organs were absent and existing floral organs were 
morphologically distorted (Figures 20C and 20D).  
 
Although this in vitro transformation system can save much time for orchid 
development from seed germination to flowering, generating normal flowers in a 
high rate is a major issue. In vitro plantlets produced lesser and smaller flowers than 
field-grown plants. An average of one to two flower buds about 2.5-3 cm in diameter 
was produced in each in vitro plantlet, whereas field-grown plants could produce an 
average of 12 flowers about 4 cm in diameter. Therefore, reducing the rate of 
producing abnormal flowers is still a big challenge in the future. 
 
4.1.5 Generation of 35S:DOSOC1 transgenic orchids 
 
To further investigate the endogenous function of DOSOC1 in orchids, we created 
transgenic Dendrobium Chao Praya Smile harbouring 35S:DOSOC1 in a pGreen 










Figure 20. In vitro flowering and production of complete and incomplete flowers 
 
(A) A complete flower with normal organs. Bar=8mm. 
(B) A complete flower with distorted organs. Bar=7mm 
(C) An incomplete flower lacking some floral organs. Bar=5mm 















selection agent for the bar gene (Chai et al., 2007) with the optimized in vitro orchid 
culture system (Figure 12). After particle bombardment of thin sections of wild-type 
calli, the transformed materials were subjected to three different stages of culture for 
subsequent selection of putative transformants (Figure 21). The bombarded orchid 
cells recovered from physical damage on the medium without MSO at the first stage 
of recovery culture. However, as unbombarded wild-type cells could outcompete 
bombarded cells on this medium, the ideal length for this stage was 4 days for 
Dendrobium Chao Praya Smile as previously reported (Chai et al., 2007). At the 
second and third stages, the bombarded thin sections were selected on the medium 
containing 0.5 μM and 2 μM MSO for initial and lethal selection, respectively. 
Surviving calli produced by bombarded tissues were cut into small pieces and 
subcultured onto fresh medium every 2 weeks to avoid generating chimeric 
transgenic orchids. Under this selection system, almost all unbombarded wild-type 
Dendrobium Chao Praya Smile tissues turned necrotic and eventually died, whereas 
some putative transformed calli survived and proliferated into PLBs after 3 months 
(Figure 21). Thin sections from these putative transgenic PLBs and their derived 
PLBs were further cultured in the optimized in vitro culture system (Figure 12) for 
further characterization of transgenic plants.   
 
4.1.6   DOSOC1 promotes flowering in Dendrobium Chao Praya Smile  
 
We created seven independent 35S:DOSOC1 transgenic Dendrobium Chao Praya 
Smile lines using the above-mentioned MSO selection coupled with in vitro culture 






Figure 21. Genetic transformation of Dendrobium Chao Praya Smile using the 
MSO selection system. 
Thin sections of wild-type calli induced from protocorms were placed on solid media 
on a Petri dish (Top left panel), and transformed by particle bombardment with a 
pGreen vector, in which DOSOC1 is driven by two CaMV 35S promoter. After 
bombardment, thin sections were maintained for recovery culture on solid medium 
without the selection agent, MSO, for four days (Top right panel). Thin sections were 
then transferred to solid medium containing 0.5 μM MSO for initial selection of 
putative transformants (Middle panels). Surviving calli were cut into small pieces and 
subcultured onto fresh medium every 2 weeks. After 6 weeks, surviving calli were 
transferred to lethal selection medium containing 2 μM MSO and also subcultured 
onto fresh medium every 2 weeks (Bottom panels). After 6 weeks, proliferated 
protocorm-like bodies from surviving calli were further cultured on lethal selection 







PCR genotyping using the specific primers from 35S and DOSOC1 (Figure 22). 
Under our in vitro culture system, all of these transgenic lines produced the first 
visible inflorescence stalks at 12 to 15 weeks of culture (Figure 23). In contrast, 
wild-type orchid plants produced inflorescence stalks earliest at 17 weeks of culture, 
and nearly half of the wild-type plants examined did not produce inflorescences 
within 24 weeks (Figure 23, 24A). These results demonstrate that overexpression of 
DOSOC1 contributes to early flowering of Dendrobium Chao Praya Smile.  
 
We measured DOSOC1 expression levels in the leaves of two representative 
transgenic orchids that produced the first visible inflorescence stalks at 14 weeks of  
culture (Figure 24A). As expected, DOSOC1 was highly expressed in these two 
35S:DOSOC1 lines, whereas its expression in wild-type leaves was relatively low 
(Figure 24B).  
 
After the floral transition, we further cultured these transgenic plants under the in 
vitro culture system and observed their floral phenotypes. Among seven transgenic 
orchid lines, only two lines developed the inflorescence apices, each of which 
eventually produced at least one normal flower (Figure 24C; Left panel), whereas 
inflorescence and flower development of the other lines all abolished with the 
generation of abnormal floral buds on the apex, most of which only developed initial 
perianth organs without reproductive organs (Figure 24C; Right panel). Under the 
same in vitro culture conditions, nearly half of the flowering wild-type plantlets 
could develop normal flowers as previously reported (Hee et al., 2007). Thus, the 










Figure 22. Genotyping of 35S:DOSOC1 in Dendrobium Chao Praya Simle 
 
C+: Positive control. WT: Wild-type genomic DNA served as template for 
negative control. Seven samples used genomic DNA from individual clones 






Figure 23. Comparison of flowering time of wild-type and 35S:DOSOC1 transgenic 
orchids. 
Seven independent 35S:DOSOC1 transgenic Dendrobium Chao Praya Smile lines were 
generated by the MSO selection system followed with the in vitro orchid culture system. 
These transgenic lines all flowered (indicated by the first visible inflorescence stalk) 
earlier than 30 wild-type orchid plants examined, among which 16 wild-type plants did 







Figure 24. Overexpression of DOSOC1 in Dendrobium Chao Praya Smile accelerates 
flowering 
 
(A) A wild-type orchid plant shows later flowering than two representative 35S:DOSOC1 
plants at 16 weeks after in vitro culture under our growth conditions. (B) Examination of 
DOSOC1 expression in wild-type and representative 35S:DOSOC1 transgenic orchids 
shown in (A) by semi-quantitative RT-PCR. DOUbi was amplified as a control. Total 
RNA extracted from leaves was used for this expression analysis. (C) Flower development 
of 35S:DOSOC1 transgenic orchids is either normal (Left panel) or abolished (Right 






orchids than in wild-type orchids, implying that overexpression of DOSOC1 
compromises normal flower development.  
 
 




4.2.1  Isolation of DOGAI from Dendrobium Chao Praya Smile 
 
 
To isolate DELLA genes from Dendrobium Chao Praya Smile, we compared the 
protein sequences of DELLA genes from various flowering plants, and designed 
degenerate forward and reverse primers from the conserved regions of the DELLA 
domain and the nuclear-localization signal domain (Peng et al., 1999), respectively 
(Figure 25). A cDNA fragment of around 676 bp was amplified by reverse 
transcription-PCR using total RNA extracted from leaves. As sequence alignment 
revealed high similarity of this fragment to GAI orthologs from various plant species, 
we further obtained the full-length cDNA sequence, designated DOGAI, using the 
Rapid Amplification of cDNA Ends (RACE) method.   
 
DOGAI cDNA is 2146 bp in length with a 1722 bp coding region. Similar to other 
known GRAS box protein family genes, the amino acid sequences of DOGAI contain 
several well-conserved domains: DELLA (I), VHYNP (II), valine-rich regions (III 
and V), a nuclear-localization signal (IV), LXXLL motif (VI), and SH2-like domain 
(VII) (Figure 25). DOGAI shared 60% sequence identity with the Arabidopsis GAI, 
and shared even higher sequence identity with GAI orthologs in other monocots, 









Figure 25. Alignment of the amino acid sequences of DOGAI and its orthologs 
from other plant species. 
 
Black and gray boxes indicate identical and similar residues, respectively. Indicated 
regions of conserved amino-acid sequence are: DELLA domain (I), the TVHYNP 
domain (II), the valine-rich regions (III and V), the nuclear-localization signal (IV), 
the LXXLL motif (VI), and the SH2-like domain (VII). The boxed region shows 
highly conserved SAW motifs. The protein sequences of GAI-like genes aligned in 
this study were retrieved from NCBI.  The names of respective species are given 
behind the corresponding protein names as follows: PtRGA-like, Populus 
trichocarpa; MdRGL2b, Malus domestica; GAI, Arabidopsis; RGA, Arabidopsis; 
VvGAI1, Vitis vinifera; SLN1, Hordeum vulgare; Rht-D1a, Triticum aestivum; 







(Hordeum vulgare; 61% identity) and Rht-D1a (Triticum aestivum; 61% identity). 
Multiple sequence alignment of DOGAI and other DELLA proteins indicates that the 
N-termini of these proteins have two signature motifs, DELLA and VHYNP, which 
define the DELLA subfamily and are necessary for GA-induced degradation of 
DELLA proteins. DOGAI diverge from the consensus sequence within the DELLA 
domain with substitutions to 4/27 amino acids compared with DELLA domains of 
other monocots (e.g. SLR1 and d8). The C-termini of the aligned proteins have 
highly conserved SAW motifs, which are shared by the larger family of GRAS 
proteins (Figure 25). These sequence analyses indicate that DOGAI is a GAI ortholog 
in the orchid Dendrobium Chao Praya Smile.  
 
A phylogenetic tree based on the analysis of full length protein sequence was further 
constructed to determine the evolutionary relationship between DOGAI and other 
DELLA proteins (Figure 26). Phylogenetic analysis also clearly assigned DOGAI 
into the monocotyledonous subgroup of DELLA. In this cluster, DOGAI and other 
orthologs from monocotyledons formed one subcluster, which was separated from 
their counterparts in dicotyledons. 
 
4.2.2 Eexpression patterns of DOGAI 
 
To investigate genes involved in the GA signalling pathway, we optimized an in vitro 
culture system for Dendrobium Chao Praya Smile based on the systems established 
for several Dendrobium hybrids (Yu and Goh, 2000a; Hee et al., 2007; Sim et al., 










 Figure 26. Phylogenetic analysis of DOGAI and its orthologs from various plant species 
 
The phylogenetic tree was generated with the neighbor-joining algorithm. SIGNAL TRANSDUCER AND 
ACTIVATOR OF TRANSCRIPTION 1 (STAT1) (CAH18430.1) of Homo sapiens was chosen as an 
outgroup. The length of the branches is proportional to phylogenetic distances. Bootstrap values (>50%) in 





vegetative to reproductive phase within about 3 months, which overcame the time 
constraint for obtaining phenotype of GA signalling genes in orchid. The starting 
materials we used here are about one month old protocorms, about 0.5 cm in diameter.  
These protocorms further developed into vegetative plantlets.    
 
To characterize the function of DOGAI, we first examined the spatial expression of 
DOGAI in various orchid tissues by semi-quantitative RT PCR. DOGAI was 
expressed ubiquitously in all tissues examined, including roots, stems, leaves, floral 
stems, inflorescent tips, buds and open flowers (Figure 27A, B and C). This result is 
consistent with the expression pattern of DELLA proteins in other plants, such as 
SLR1 from Oryza sativa, LeGAI from Lycopersicon esculentum and d8 and d9 from 
Zea mays, whose transcripts can be detected throughout the plants (Peng et al., 1999; 
Bassel et al., 2004; Lawit et al., 2010). 
  
4.2.3 Ectopic expression of DOGAI in Arabidopsis results in GA-deficient 
phenotypes 
 
To understand the biological function of DOGAI, DOGAI driven by the cauliflower  
mosaic virus (CaMV) 35S promoter was transformed into Arabidopsis penta (ga1-3, 
rga, gai, rgl1,rgl2) loss-of-function mutants plants to test whether DOGAI could 
compensate for the loss of DELLA. Nighteen independent 35S:DOGAI/penta 
transgenic Arabidopsis T1 plants were obtained. Five plants were phenotypically 
undistinguishable from untransformed wild-type plants, whereas the other fourteen 
plants showed significant GA-deficient phenotypes, such as dark-green leaves, dwarf 




                     
 
Figure 27. Various tissues of Dendrobium Chao Praya Smile and 
Semi-quantitative analysis of DOGAI expression in various tissues. 
 
(A)  A young seedling of D. Chao Praya Smile showing root (Rt), stem (Sm) and 
leaves (Lf). Bar=8mm 
(B)  Inflorescence tip (IT) of D. Chao Praya Smile. Bar=10mm 
(C)  Floral stem (FS), open flowers (OF) and floral buds (FB) of D. Chao Praya Smile. 
Bar=20mm 
(D)  Semi-quantitative RT-PCR detection of DOGAI expression in various tissues of 
D. Chao Praya Smile. Rt, roots; Sm, stems; Lf, leaves; FS, floral stems; IT, 













Figure 28. Overexpression of DOGAI in Arabidopsis led to the dark-green 
dwarf phenotype.  
 
(A) Wild type with Ler background, penta mutant (ga1-3, rga, gai, rgl1, rgl2), ga1-3 
mutant.  
(B) Three 35:DOGAI/penta transgenic lines showed different degrees of dark-green 
dwarf phenotype.  
(C) Examination of DOGAI expression in representative penta 35S:DOGAI  plants 
shown in (B) by semi-quantitative PCR. The Arabidopsis TUB2 gene was amplified 





as compared to wild-type plants and penta mutants (Figure 28A), whereas the 
dark-green dwarf phenotype was not so strong compared with ga1-3 mutants (Figure 
28A).  To know whether the phenotypes of dark-green dwarf statureand defective 
flower organs was correlated with DOGAI expression in 35S:DOGAI/penta 
transgenic plants, semi-quantitative RT-PCR analysis was performed. As shown in 
Figure 28C, higher expression of DOGAI was observed in the severe 
35S:DOGAI/penta transgenic plants than in the transgenic plants with less severe 
phenotype, whereas DOGAI expression was not observed in wild-type Arabidopsis, 
penta mutants and ga1-3 mutants. 
 
4.2.4  Ectopic expression of DOGAI in Dendrobium Chao Praya Smile shows 
GA-deficient phenotypes 
 
We created eight independent 35S:DOGAI transgenic Dendrobium Chao Praya 
Smile lines by co-cultivation with Agrobacterium using the MSO selection (Chai et 
al., 2007) coupled with in vitro culture system (Hee et al., 2007). The presence of the 
35S:DOGAI transgene in these plants was verified by PCR genotyping using the 
specific primers from 35S and DOGAI (Figure 29). Under our in vitro culture system, 
two of eight transgenic lines were phenotypically indistinguishable from wild-type 
plants, whereas the other six transgenic lines showed significant GA-deficient 
phenotypes, such as dark-green leaves and dwarf stature (Figure 30A). These results 
demonstrate that overexpression of DOGAI suppresses GA signaling in Dendrobium 
Chao Praya Smile. 
 
To confirm that DOGAI overexpression in 35S:DOGAI transgenic plants was 






Figure 29. Genotyping of 35S:DOGAI in Dendrobium Chao Praya Simle.  
 
M.1kb DNA ladder. WT: Wild-type genomic DNA served as template for negative 
control. Eight samples used genomic DNA from individual clones transformed with 









Figure 30. Overexpression of DOGAI  in Dendrobium Chao Praya Smile causes 
the phenotypes dark-green leaves and dwarf stature.  
 
(A) Wild-type (WT) of Dendrobium Chao Praya Smile and 35:DOGAI transgenic 
lines which showed dark-green dwarf phenotype. (B) DOGAI mRNA levels in the 





leaves of transgenic orchids showing GA-deficient phenotypes. As expected, DOGAI 
expression was significantly higher in transgenic plants than that in the wild-type 
(Figure 30B). 
 
4.2.5 Nuclear localization of the GFP-DOGAI fusion protein in transgenic 
Arabidopsis 
 
Previously, it has been shown that a transiently expressed GFP-RGA fusion protein is 
localized to the nucleus in onion epidermal cells in Arabidopsis (Silverstone et al., 
1998). Sequence analysis showed that DOGAI contains several structural features 
that are found in transcription regulator, including a putative nuclear localization 
signal. To support of this finding, we constructed a cauliflower mosaic virus (CaMV) 
35S:GFP-DOGAI gene fusion that could be used in transient assays (Varagona et al., 
1992; Haseloff et al., 1997). This construct was further introduced into wild type 
Arabidopsis via Agrobacterium-mediated transformation. Several transgenic plants 
were obtained and were used to detect the GFP fluorescence signal in the nucleus 
produced by the GFP-DOGAI fusion protein by using confocal microscopy (Figure 
31). 
 
4.2.6 Effect of GA and PAC on the GFP-DOGAI fusion protein 
 
In Arabidopsis, the GFP-RGA fusion protein is functionally active in planta and it 
can be detected in living cells by epifluorescence and confocal laser microscopy 
(Sheen et al., 1995; Haseloff et al., 1997). This approach was used to observe 
dynamic alteration of the GFP-RGA protein in response to both exogenously applied 










Figure 31. Effects of GA and PAC Treatment on the 35S Promoter–Expressed 
GFP-DOGAI Protein.  
 
Roots of transgenic Arabidopsis plants (Columbia background) expressing the 35S 
promoter::GFP-DOGAI fusion were observed using confocal laser microscopy. 
Shown are the fluorescent images of root tips that were untreated (Control), treated 







both the GFP-RGA fusion protein and endogenous RGA were reduced rapidly by 
GA treatment (Silverstone et al., 2001). As paclobutrazol (PAC) (Jacobsen and 
Olszewski, 1993) inhibits GA biosynthesis, PAC treatment would have an opposite 
effect from GA on RGA protein levels. 
 
To know whether DOGAI has the molecular function similar to DELLA proteins in 
Arabidopsis, the 35S:GFP-DOGAI construct was transformed into Arabidopsis wild 
type plants. Root tips of transgenic plants expressing 35S:GFP-DOGAI were treated 
with GA3 for 2 hours or water and scanned using confocal microscopy (Figure 31). 
Compared with the water-treated control, GFP fluorescence in the nuclei of GA 
treated plants decrease dramatically in response to GA treatment. Because PAC 
inhibits GA biosynthesis, we sought to determine whether PAC treatment would 
have an opposite effect from GA on DOGAI protein levels. Indeed, we observed an 
obvious increase of GFP fluorescence in the nuclei at 24 hr (Figure 31). The slower 
response to PAC probably reflects the time required for PAC to inhibit GA 
biosynthesis plus the time needed for GA catabolism to reduce the concentration of 
active GAs. This result suggests that DOGAI has similar function with DELLA 
proteins in Arabidopsis that it can also show nuclear-localization signal (Silverstone 













































Precise control of flowering time is an essential developmental process that 
determines reproductive success of flowering plants. Although Orchidaceae is one of 
the largest and most widespread families of flowering plants, the molecular 
mechanisms underlying the floral transition in this family are largely unknown. In 
this study, we report the isolation and functional analysis of a SOC1 ortholog, 
DOSOC1, from Dendrobium Chao Praya Smile.  
 
Molecular characterization of DOSOC1 has provided several pieces of evidence 
supporting that DOSOC1 plays an evolutionarily conserved role as SOC1 in 
Arabidopsis in the promotion of flowering in orchids. Firstly, in addition to the 
conserved MADS domain and K domain, DOSOC1 and other SOC1 orthologs share 
another well-conserved specific SOC1 motif at the C termini (Vandenbussche et al., 
2003; Nakamura et al., 2005). Secondly, DOSOC1 expression greatly increases in the 
whole plantlets during the transition from vegetative to reproductive development in 
orchids. This expression pattern is similar to that of SOC1 in Arabidopsis (Borner et 
al., 2000; Lee et al., 2000). Thirdly, overexpression of DOSOC1 in both Arabidopsis 
and orchids causes early flowering, showing the effect of DOSOC1 on accelerating 
flowering as SOC1. Furthermore, overexpression of DOSOC1 partially complements 
the late-flowering phenotype of Arabidopsis soc1-2 loss-of-function mutants. Lastly, 
overexpression of DOSOC1 in Arabidopsis upregulates other two flowering 
promoters, AGL24 and LFY, both of which are known to be directly upregulated by 




All these observations suggest the functional similarity between DOSOC1 and SOC1 
in promoting flowering during the floral transition. 
 
So far MADS-box genes in the SOC1/TM3 clade have been isolated from a wide 
range of plant species, including dicots, monocots, and gymnosperms (Table 10). 
While most of these studies have presented gene expression patterns and sequence 
information, the concrete evidence relevant to the function of SOC1 orthologs is still 
fairly limited. In particular, there are only a few studies that have investigated the 
effect of change in the expression of SOC1 orthologs in their homologous systems. 
Alteration of the expression of a Brassica SOC1 ortholog, BrAGL20, affects 
flowering in Brassica campestris as SOC1 (Kim et al., 2003). Overexpression of 
OsSOC1/OsMADS50 in rice and UNSHAVEN (UNS) in petunia promotes flowering,  
and knockdown of OsSOC1/OsMADS50 in rice delays flowering (Ferrario et al., 
2004; Lee et al., 2004). Furthermore, overexpression of SOC1 orthologs from both 
monocots and dicots in the heterologous system, the model plant Arabidopsis, 
consistently accelerates flowering (Shitsukawa et al., 2007; Tan and Swain, 2007; 
Nakano et al., 2011). These results are in agreement with our observation on the 
function of DOSOC1 in promoting flowering in orchids, suggesting that 
SOC1/TM3-like genes share a primary conserved role as flowering promoters in 
angiosperms.  
 
SOC1-like genes have also been shown to affect flower development in several plant 
species. After the floral transition in Arabidopsis, SOC1 expression remains at an 
appropriate level in emerging floral meristems, which is regulated by another floral 




Table 10. The identified SOC1 orthologs in various plants 
 
Gene Name Plant Species 
(e.g. ) 
Expression Patterns Phenotypes of 
overexpression in 
Arabidopsis 









Expressed in vegetative tissues, and is 
elevated during the floral transition 
Early flowering Overexpression caused 
extremely early flowering at 
the callus stage, while RNAi 
plants exhibited phenotypes 
of late flowering and an 
increase in the number of 
elongated internodes in rice. 
(Tadege et al., 
2003; Lee et al., 








Expressed in vegetative and reproductive 
tissues and at different stages of seed 
development 
  (Papaefthimiou et 
al., 2012) 




Expressed in young spikes and leaves. 
Expression starts before the phase 
transition and is maintained during the 
reproductive growth phase. 






Expressed in vegetative and reproductive 
organs 
  (Nakamura et al., 
2005) 
ZmMADS1 Maize(Zea mays) 
 
 
Expressed in egg cells, zygotes and 
somatic embryo-forming cells as well as in 
stem nodes during vegetative 
development. Expressed during ear and 
tassel development and pollen 
development 
  (Heuer et al., 
2000; Heuer et al., 
2001) 
GmGAL1 Soybean cultivar 
Kennong18  
(Glycine max L. 
Expression was fluctuated in diverse 
tissues/organs and developmental stages. 







FBP21 Petunia hybrida 
 
   (Ma et al., 2011) 
Gh-SOC1 Gerbera hybrida 
 
 
Strongly expressed in involucral bracts, 
young inflorescence, petals, stamen and 
carpel, but not in vegetative parts of 
gerbera, which included roots, leaf blade 
and leaf petiole.  In situ hybridization of 
young developing gerbera inflorescences 
showed Gh-SOC1 expression in ray flower 
petals, reproductive organs (ovary area, 
ovule, carpel and stamen) and pappus 
bristles. Also the vascular bundles of 
developing inflorescence expressed 
Gh-SOC1 relatively strongly, as did 
developing gerbera disc flowers 
 Ectopic expression of 
Gh-SOC1 did not promote 
flowering, but disturbed the 
development of floral organs. 
The epidermal cells of ray 
flower petals appeared shorter 
and their shape was altered. 
The colour of ray flower 
petals differed from that of 
the wild-type petals by being 
darker red on the adaxial 









Expressed in lowermost rosette leaves, 
uppermost cauline leaves, immature floral 
buds, petals 
promoted flowering  (Nakano et al., 
2011) 
CmSOC1 Chrysanthemum 
morifolium Ramat.  
 
Expressed in shoot tips of Chrysanthemum Involved in the floral 
transition  
 (Li et al., 2009) 
CsSL1 and 
CsSL2 
Citrus sinensis L. 
 
 
Expressed in both vegetative and 
reproductive tissues of citrus 
Early flowering and 
and delay senescence 
of floral organs  
 (Tan and Swain, 
2007) 
VvMADS8 Vitis vinifera L. 
 
 
Expressed in inflorescence primordium 
within the axillary bud 









EgrMADS 3: unopened flower buds, 
leaves and vegetative shoots 
EgrMADS 4: Leaves, roots and vegetative 
shoots 










Expressed in vascular tissues during the 
seasonal progression of primary to 
secondary vascular formation 
 
  (Cseke et al., 
2003) 
UNSHAVEN Petunia hybrida 
 
 
Expressed in vegetative tissues, and is 
downregulated upon floral initiation and 
the formation of floral meristems 
Minor acceleration in 
flowering time  
Ectopic expression of the 
petunia MADS box gene 
UNSHAVEN accelerates 
flowering and confers 
leaf-like characteristics to 
floral organs in a 
dominant-negative manner 
(Ferrario et al., 
2004) 
HaSOC1 Helianthus annuus 
 
 
Gene expression correlates of flowering 
time variation 
 









  Some sense transgenic plants 
flowered extremely early and 
some of the antisense plants 
exhibited delayed flowering 





Highly expressed in LDs than SDs and its 
expression did not change in response to 
vernalization, indicating that its expression 
is correlated with flowering time 
  (Kim et al., 2003) 
DrAGL20 Draba nemorosa 
 
   (Kim et al., 2003) 
SaMADS A Sinapis alba 
 
 
Expressed initially in the central corpus 
(L3 cells) of the shoot apical meristem 
(SAM), about 1.5-2 days before initiation 
of the first floral meristem 








downregulation of SOC1 expression in floral meristems is partially responsible for 
the reversion of floral meristems into inflorescence meristems or precocious 
development of floral organs, respectively (Gregis et al., 2006; Liu et al., 2007; Liu et 
al., 2009). It has been shown that overexpression of Gh-SOC1 in gerbera disturbs 
floral organ development (Ruokolainen et al., 2011), and that overexpression of UNS 
in petunia results in the unshaven floral phenotype with ectopic trichome formation 
on floral organs and conversion of petals into leaf-like organs (Ferrario et al., 2004). 
Similarly, we have demonstrated that overexpression of DOSOC1 abolishes normal 
flower development with only generation of undeveloped perianth organs in orchids. 
These observations indicate that SOC1-like genes also mediate the subtle 
development of floral organs.  
 
In addition, SOC1-like genes may share another function in controlling the life cycle 
of annual and perennial plants. In Arabidopsis, SOC1 and another flowering time 
gene, FRUITFULL (FUL), are expressed in inflorescence shoot apices and 
procambial strands of developing inflorescences, and promote the determinacy of 
shoot meristems (Hempel et al., 1997; Borner et al., 2000; Lee et al., 2000; Melzer et 
al., 2008). Downregulation of both genes results in secondary growth and longevity 
of Arabidopsis plants, which mimics the lifestyle of perennial plants. Interestingly, 
both a poplar SOC1 ortholog, Populus tremuloides MADS-box 5 (PTM5), and 
DOSOC1 shown in this study are expressed in vascular tissues, implying that 
SOC1-like genes could similarly affect the life cycle of many flowering plants. In 
orchids, the phenotype of reversion of inflorescence meristems into vegetative 




mutants in Arabidopsis, has been reported in some monopodial orchids (Goh, 1976). 
Thus, it would be interesting to investigate whether orchid SOC1 orthologs are also 
involved in determining the life cycle of orchids.  
 
While SOC1-like genes share similar functions as discussed above, there is also 
evidence indicating their functional divergence. For example, distinct expression 
patterns of SOC1-like genes in various plants imply that they may be differentially 
regulated to contribute to the complex regulatory network of the floral transition. 
SOC1, OsSOC1/OsMADS50, and DOSOC1 all play a role in accelerating flowering 
in Arabidopsis, rice, and orchid, respectively, but display distinct expression patterns 
during the floral transition. SOC1 is specifically upregulated in the inflorescence 
shoot apical meristem, but downregulated in emerging floral meristems (Borner et al., 
2000; Lee et al., 2000; Liu et al., 2007). This expression pattern is consistent with 
SOC1 role in integrating multiple flowering signals and mediating the processes of 
floral meristem development and floral patterning. However, in rice 
OsSOC1/OsMADS50 is barely detectable in the inflorescence apical meristem and 
emerging floral meristems, but highly expressed in leaves (Komiya et al., 2009). This 
expression pattern indicates that the rice SOC1 ortholog could regulate other 
flowering regulators in leaves, but may not be directly involved in floral meristem 
development. In this study, we have shown that DOSOC1 exhibits another unique 
expression pattern, which has not been found for any other SOC1 ortholog. DOSOC1 
is very specifically expressed in emerging floral meristems, but not in the 
inflorescence shoot apical meristem (Fig. 14B). Given the floral defects observed in 
35S:DOSOC1 transgenic orchids, it is reasonable to hypothesize that DOSOC1 





In summary, we have investigated the first SOC1 ortholog, DOSOC1, in the 
Orchidaceae family using a unique MSO-selection-based gene transformation 
coupled with in vitro culture system. Molecular characterization of this gene has not 
only revealed the functional conservation and divergence of SOC1 orthologs, but 
also shed new light on the mechanisms underlying the floral transition in orchids. As 
the vegetative phase in orchids is usually a lengthy process that significantly affects 
the efficiency of orchid breeding, identification of key flowering regulators like 
DOSOC1 will contribute to improving orchid flowering traits through either classical 







DELLAs are key components of the GA signal transduction pathway, and play 
important roles in the progress of plant growth and development (Richards et al., 
2001; Fleet and Sun, 2005). Although Orchidaceae is one of the oldest and largest 
families of flowering plants with highly diversity, the molecular mechanisms of 
regulating orchid stature are largely unknown. In this study, we report the isolation 
and functional analysis of a DELLA ortholog, DOGAI, from Dendrobium Chao Praya 
Smile. 
 
Molecular characterization of DOGAI has provided several pieces of evidence 
supporting that DOGAI is a Dendrobium ortholog of DELLA-encoding gene and a 
member of the plant-specific GRAS family. DOGAI plays an evolutionarily 




other members of the subfamily, DOGAI contains two signature motifs, DELLA and 
VHYNP, at the N terminus (Silverstone et al., 1998; Peng et al., 1999; Lee et al., 
2002). These domains are implicated in the perception of GA and the subsequent 
destabilisation of the DELLA proteins (Silverstone et al., 2001; Dill et al., 2001a). 
Secondly, DOGAI is expressed ubiquitously in all tissues examined from vegetative 
to reproductive tissues, including roots, stems, leaves, floral stems, inflorescent tips, 
buds and open flowers. This expression pattern is similar to that of DELLA in 
Arbdisopsis and other plants, such as SLR1 from Oryza sativa, LeGAI from 
Lycopersicon esculentum, and d8 and d9 from Zea mays (Silverstone et al., 1998; 
Peng et al., 1999; Bassel et al., 2004; Lawit et al., 2010). Thirdly, overexpression of 
DOGAI in both Arabidopsis and orchids causes dark-green leaves, dwarf stature 
phenotype and flower organ defect phenotype, showing the effect of DOGAI as a GA 
repressor as DELLAs in Arabidopsis. Furthermore, overexpression of DOGAI 
partially complements the dark green dwarf phenotype of Arabidopsis penta (ga1-3, 
rga, gai, rgl1, rgl2) loss-of-function mutants. Lastly, the GFP fluorescence signal 
produced by the GFP-DOGAI fusion protein localizes in the nuclei of Arabidopsis 
root cells, which is consistent with the subcellular localization of GFP-RGA fusion 
protein in onion epidermal cells (Silverstone et al., 1998). Moreover, like RGA in 
Arabidopsis, levels of the GFP-DOGAI fusion protein are reduced rapidly by GA 
treatment and increased by PAC treatment (Silverstone et al., 2001). All these 
observations suggest the functional similarity between DOGAI and Arabidopsis 
DELLAs as repressors of the GA signaling pathway. 
 
GAI is member of the GRAS family (GAI, RGA, and SCARECROW) of plant 




their C-terminal regions but show great variation in their N termini (Pysh et al., 1999). 
Therefore, the N-terminal regions may be responsible for specifying GRAS protein 
function in specific pathways. In the N-terminal regions of GRAS proteins GAI and 
RGA, there are two well-conserved domains, namely DELLA domain and VHYNP 
domain (Peng et al., 1997; Silverstone et al., 1998). The DELLA domain of GA 
INSENSITIVE mediates the interaction with the GA INSENSITIVE DWARF1A 
gibberellins receptor of Arabidopsis, while the VHYNP motif of a DELLA protein 
directly participates in DELLA-GID1 interaction in Brassica napus (Willige et al., 
2007; Liu et al., 2010). Mutations in either of these domains result in a 
semi-dominant, GA-insensitive, dwarf phenotype in diverse plant species (Peng et al., 
1997; Peng et al., 1999; Boss and Thomas, 2002; Chandler et al., 2002; Itoh et al., 
2002; Hynes et al., 2003). In this study, DOGAI has two signature domains, DELLA 
and VHYNP, at the N-termini. While the VHYNP domain is well-conserved, the 
DELLA domain is diverge from the consensus sequence with substitutions to 4/27 
amino acids compared with other monocots’ (e.g. SLR1 and d8) DELLA domain 
(Peng et al., 1999). However, overexpression of DOGAI in both Arabidopsis and 
orchids causes dark-green leaves, dwarf stature phenotype and flower organ defect 
phenotype, which is consist with the function of DELLA domain as a GA repressor 
in Arabidopsis (Peng et al., 1997; Silverstone et al., 1998; Wen and Chang, 2002).  
 
Like other DELLA proteins, the C-terminal domains of DOGAI are highly 
homologuous to other DELLA proteins (Figure 25) and have several conserved 
motifs shared by most GRAS proteins (Pysh et al., 1999; Bolle, 2004; Tian et al., 
2004). The VHIID, PFYRE and SAW motifs act as the repression domains and the 




DOGAI also has a bipartite nuclear localisation signal (NLS), which is consistent 
with their presumed role as transcriptional regulators (Tian et al., 2004). Here, the 
fluorescence signal of GFP-DOGAI localizes in the nucleus, suggesting that the 
function of NLS in DOGAI protein is conserved with other GRAS protein family 
members. The LXXLL motif has been shown to facilitate the interaction of proteins 
with nuclear receptors in mammals (Heery et al., 1997). 
 
Semi-dominant, GA-insensitive dwarf mutants have been identified in a number of 
species (Table 11) (Gale et al., 1975; Skene and Barlass, 1983; Koornneef et al., 1985; 
Harberd and Freeling, 1989; Ikeda et al., 2001; Chandler et al., 2002). The gene 
conferring the Arabidopsis GA-Insensitive (gai) dwarf mutant phenotype was the 
first to be cloned (Peng et al., 1997). Since then, more and more DELLA proteins of 
the GRAS protein family have been isolated from a wide range of plant species, 
including dicots and monocots. While most of these studies have presented sequence 
information and gene expression patterns, the concrete evidence relevant to the 
function of GAI orthologs is still fairly limited although it is involved in various 
aspects of plant growth and development. In particular, there are only a few studies 
that have investigated the effect of change in the expression of DELLA orthologs in 
their homologous systems. Introduction of the truncated SLR1 gene into rice leads to 
a wide range of plant heights, from severe, extremely dwarf pehnotypes to mild 
phenotype (Peng et al., 1999; Ikeda et al., 2001). Transformation of SLRL1 into slr1 
rice mutants rescues the slender phenotype of this mutant, and overexpression of 
SLRL1 in normal rice plants induces a dwarf phenotype with an increased level of 




Table 11. The identified DELLA orthologs in various plants 
Gene Name Plant Species 
(e.g. ) 
Expression Patterns Phenotypes of 
overexpression in 
Arabidopsis 






Expressed in the cotton ovule at the 
elongation stage 
dwarf  (Liao et al., 2009) 
GhGAI3a Gossypium 
hirsutum L. cv. 
Xinluzao 13 
Expressed in roots, hypocotyles, 
leaves, petal, ovules and fibers. 
Expression level are high at the fiber 
initiation stage but low during the 
early fiber elongation stage. 
smaller leaves and 
shorter stems and 
stamens and a defect in 
GA-induced hypocotyl 
elongation 
 (Wen et al., 2012) 
GhGAI3b Gossypium 
hirsutum L. cv. 
Xinluzao 13 
Expressed in roots, hypocotyles, 
leaves, petal, ovules and fibers. 
Expression level are high at the fiber 
initiation stage but low during the 
early fiber elongation stage.  
  (Wen et al., 2012) 
GhGAI4a Gossypium 
hirsutum L. cv. 
Xinluzao 13 
Expression level was low in the 
vegetative stage and increase during 
the fiber initiation stage and fiber 
elongation stage. 
  (Wen et al., 2012) 
GhGAI4b Gossypium 
hirsutum L. cv. 
Xinluzao 13 
Expression level was high in the 
vegetative stage and increase during 
the fiber initiation stage and fiber 
elongation stage. Expression reach 
highest in 20DPA ovules and 
hypocotyls. 
  (Wen et al., 2012) 
GhSLR1a Gossypium 
hirsutum L. cv. 
Coker 312 
Expressed in stem, leaf, root, petal, 
bud, boll and highly in ovule 
  (Aleman et al., 
2008) 
GhSLR1b Gossypium 
hirsutum L. cv. 
Coker 312 
Expressed in stem, leaf, root, petal, 
bud, boll and highly in ovule 
Ectopic expression of 
GhSLR1b in wild type 
Arabidopsis led to 
reduced growth (size of 
flowers and siliques) 
and upregulated 
 (Aleman et al., 















Expressed in a number of tissues, 
including seedlings, roots, rosette 
leaves, whole rosette plants, bolting 
stems, mature stems, flower buds, 
young siliques and mature siliques. 




Expressed highly in inflorescences 
and weak or undetectable in rosette 
leaves, etiolated seedlings, siliques, 
mature stems, and roots. 




Not detected in inflorescences, 
rosette leaves, etiolated seedlings, 
siliques, mature stems, and roots. 
  (Lee et al., 2002) 
RGL3 Arabidopsis 
thaliana 
Expressed weakly in rosette leaves, 
etiolated seedlings, siliques, mature 
stems, and roots but expressed 
relatively high in inflorescences 
  (Tyler et al., 
2004) 
VvGAI1 Vitis vinifera 
 
 Leaves of the plants were 
of variable size, dark 
green and rarely curly; 
the number of pods on 
inflorescences increased 
and sterility. 
 (Boss and 
Thomas, 2002; 
Zhong and Yang, 
2012) 
MhGAI1 apple (Malus 
hupehensis Redh. 
Var. pingyiensis) 






Expressed highly in summer arrested 
shoot tips and in autumn vegetative 
buds. Expressed lowly in the apices 
of actively growing shoots and in 
young expanding leaves and floral 
buds. 















Expressed highly in summer arrested 
shoot tips and in autumn vegetative 
buds. Expression levels are higher in 
floral buds than in expanding leaves 
and growing apices. 












Expressed highly in summer arrested 
shoot tips and in autumn vegetative 
buds. Expressed lowly in the apices 
of actively growing shoots and in 
young expanding leaves and floral 
buds. 






Same with the above mentioned   (Foster et al., 
2007) 
BnRGA Brassica napus L. BnRGA was not significantly 
regulated by GA(3), PAC and ABA 
in the low concentrations 
  (Gao et al., 2012) 
BrRGA1 Brassica rapa    (Muangprom et 
al., 2005) 
BrRGA2 Brassica rapa    (Muangprom et 
al., 2005) 
OsGAI Oryza sativa L. 
Nipponbare 
Expressed in nodes, internodes, leaf 
sheaths and ears of adult plants and 
leaf sheaths of young seedlings 
  (Ogawa et al., 
2000) 
SLR1 rice cv 
Nipponbare 
Expressed in almost all the organs  Introduction of the truncated 
SLR1 gene led to a wide 
range of plant heights, from 
(Peng et al., 





severe, extremely dwarf 
pehnotypes to mild 
phenotype. 
SLRL1 Rice (Oryza 
sativa L. cv. 
Zhonghua8hao, 
NT and AJNT) 
The expression of SLRL1 was 
positively regulated by GA at the 
mRNA level and occurred 
preferentially in reproductive organs, 
e.g. elongating internodes and 
developing flowers 
 Transformation of SLRL1 
into the slr1 mutant rescued 
the slender phenotype of this 
mutant. Moreover, 
overexpression of SLRL1 in 
normal rice plants induced a 
dwarf phenotype with an 
increased level of 
OsGA20ox2 gene 
expression and diminished 
the GA-induced shoot 
elongation, suggesting that 
SLRL1 acts as a repressor of 
GA signaling. 
(Itoh et al., 2005) 
SLRL2 Rice (Oryza 
sativa L. cv. 
Zhonghua8hao, 
NT and AJNT) 
Expressed in the embryo of immature 
rice seeds and the expression of 









increased and the 
expression of AtGA2ox1 
decreased, indicating 
SLRL2 was a repressor 
of GA signaling. 
 (Liu et al., 2007b) 
RoDELLA Rosa wichurana    (Foucher et al., 






Expressed in both vegetative and 
reproductive tissues. During seed 
germination, there was no decline in 
the expression of LeGAI in either the 
embryo or the endosperm. Rather, 
  (Bassel et al., 





LeGAI transcripts increased in these 
tissues following imbibition and 
remained high during and following 
germination. A similar increase in 
LeGAI transcripts occurred in the 
endosperm and embryo of 
GA-treated gib-1 mutant seed during 
and following germination. 
GmGAI1 Soybean (Glycine 
max) 
The expression did not decline in the 
radicle before or after germination 
  (Bassel et al., 
2004) 
GmGAI2 Soybean (Glycine 
max) 
The expression did not decline in the 
radicle before or after germination 
  (Bassel et al., 
2004) 
Rht-B1a Wheat (Triticum 
aethiopicum 
L.cv. Norin10) 
   (Kumar et al., 
1996; Peng et al., 
1999) 
Rht-B1b Wheat (Triticum 
aethiopicum 
L.cv. Norin10) 
   (Kumar et al., 
1996) 




   (Kumar et al., 
1996; Li et al., 
2012) 
Rht-D1a Wheat (Triticum 
aethiopicum 
L.cv. Norin10) 
   (Peng et al., 
1999) 
Rht-D1b Wheat (Triticum 
aethiopicum 
L.cv. Norin10) 
   (Kumar et al., 
1996) 
D8 Maize (Zea mays 
L.cv.B73) 
Expressed throughout maize plants   (Peng et al., 
1999) 
D9 Maize (Zea mays 
L.cv.B73) 
Expressed throughout maize plants Dwarfing and notably 
earlier flowering in 
Arabidopsis 
Overexpression of the D9-1 
allele delayed flowering in 
transgenic maize, while 
overexpression of the d9 
allele led to earlier 
flowering. 
(Lawit et al., 
2010) 





PsCRY Pea (Pisum 
sativum) 
   (Weston et al., 
2008) 
SLN1 Barley (Hordeum 
vulgare L.cv 
Himalaya) 
   (Fu et al., 2002; 






suggesting that SLRL1 acts as a repressor of GA signaling (Itoh et al., 2005). These 
results are consistent with our observation on the function of DOGAI as a repressor of 
GA signaling in orchids, suggesting that DELLA proteins share a conserved role as a 
repressor of GA signaling in angiosperms. GAs are a class of plant hormones 
involved in the regulation of flower development in Arabidopsis. It has been shown 
that GA promotes the expression of floral homeotic genes by antagonizing the effects 
of DELLA proteins and allowing continued flower development (Yu et al., 2004; 
Cao et al., 2006). Gibberellin mobilizes distinct DELLA-dependent transcriptomes 
to regulate seed germination and floral development in Arabidopsis (Cao et al., 2006). 
In addition, DELLA regulation of floral organ development is modulated by multiple 
phytohormones and stress signaling pathways in Arabidopsis (Hou et al., 2008). This 
is consistent with our observation that overexpression of DOGAI in  Arabidopsis 
penta (ga1-3, rga, gai, rgl1, rgl2) loss-of-function mutants showed significant GA 
deficient phenotypes, like dark-green dwarf phenotype and flower organ defect. 
 
GAs also involved in floral development and its genetic evidences have been shown 
in some plant species, such as Arabidopsis, grape, maize and rice (Boss and Thomas, 
2002; Cheng et al., 2004; Tyler et al., 2004; Liu et al., 2007b; Lawit et al., 2010). 
Analysis of multiple loss-of-function mutants in a GA-deficient background 
indicates that GAI/RGA are the major repressors of vegetative and inflorescence 
growth, RGA/RGL1/RGL2 regulate GA-induced floral development (Cheng et al., 
2004; Tyler et al., 2004). In rice, overexpression of OsSLRL2 in Arabidopsis shows 
semi-dwarfed, late flowering, and insensitive to GA phenotype (Liu et al., 2007b). 
Overexpression of the D9-1 allele delayed flowering in transgenic maize, while 




promotes flowering in Arabidopsis, maize and rice, while GAs inhibit flowering in 
grapevine (Boss and Thomas, 2002). In the woody plant grape, the grapevine tendril, 
a modified inflorescence, convert to inflorescences in the mutant shows 
inflorescences inhibited from completing floral development by GAs (Boss and 
Thomas, 2002). In this study, we have not observed DOGAI has similar function in 
promoting flowering. Therefore, whether DOGAI has functions involved in 
flowering is still unknown and needs further study.  
 
In summary, we have investigated the first GAI ortholog, DOGAI, in the Orchidaceae 
family using a unique MSO-selection-based gene transformation coupled with in 
vitro culture system. Molecular characterization of this gene has not only revealed 
the functional conservation and divergence of GAI orthologs, but also shed new light 
on the mechanisms underlying the GA signalling transduction in orchids. As GAs are 
plant growth regulators important in many aspects of plant growth and flower 
development, identification of key component gene of GA signalling pathway will 
contribute to improving orchid traits through either classical breeding or novel 
















































6.1 DOSOC1 is a putative SOC1 ortholog in Dendrobium Chao Praya 
Smile 
 
SOC1 encodes a MADS-box protein that plays an essential role in integrating 
multiple flowering signals to regulate the transition from vegetative to reproductive 
development in the model plant Arabidopsis. Although SOC1-like genes have been 
isolated in various angiosperms, its orthologs in Orchidaceae, one of the largest 
families of flowering plants, are so far unknown. To investigate the regulatory 
mechanisms of flowering time control in orchids, we isolated a SOC1-like gene, 
DOSOC1, from Dendrobium Chao Praya Smile. DOSOC1 was highly expressed in 
reproductive organs, including inflorescence apices, pedicels, floral buds, and open 
flowers. Its expression significantly increased in whole plantlets during the transition 
from vegetative to reproductive development, which usually occurred after 8 weeks 
of culture in Dendrobium Chao Praya Smile. In the shoot apex at the floral 
transitional stage, DOSOC1 was specially expressed in emerging floral meristems. 
Overexpression of DOSOC1 in wild-type Arabidopsis plants resulted in early 
flowering, which was coupled with the upregulation of other two flowering 
promoters, AGAMOUS-LIKE 24 and LEAFY. In addition, overexpression of 
DOSOC1 was able to partially complement the late-flowering phenotype of 
Arabidopsis soc1-2 loss-of-function mutants. Furthermore, we successfully created 
seven 35S:DOSOC1 transgenic Dendrobium orchid lines, which consistently 
exhibited earlier flowering than wild-type orchids. Our results suggest that 
SOC1-like genes play an evolutionarily conserved role in promoting flowering in the 




could serve as an important target for genetic manipulation of flowering time in 
orchids.  
 
6.2 DOGAI is a putative GAI ortholog in Dendrobium Chao Praya 
Smile 
 
DELLA proteins are important repressors of the GA signaling pathway. Stabilized 
DELLA proteins in plants can generate GA-insensitive phenotypes, such as 
dark-green leaves, late-flowering, and dwarf stature. An ortholog of DELLA, DOGAI, 
was isolated from Dendrobium Chao Praya Smile using the RACE technique. The 
expression of DOGAI was examined in various orchid tissues by semi-quantitative 
RT-PCR. DOGAI transcripts could be detected in roots, stems, leaves, floral stems, 
inflorescent tips, buds and open flowers. Like DELLA orthologs in many other plant 
species, DOGAI were ubiquitously expressed in all tissues examined at similar levels.  
Ectopic expression of DOGAI in transgenic Arabidopsis penta mutant (ga1-3 rga gai 
rgl1 rgl2) led to dark-green leaves, dwarf stature phenotype and flower organ defect 
phenotype. In addition, ectopic expression of DOGAI caused dark-green leaves, 
dwarf stature phenotype in Dendrobium Chao Praya Smile. Furthermore, 
GFP-DOGAI fusion protein and endogenous DOGAI were degraded rapidly by GA 
treatment. Taken together, our results suggest that DOGAI plays an evolutionarily 
conserved role as a repressor of the GA signaling pathway in the Orchidaceae family, 
and that DOGAI isolated from Dendrobium Chao Praya Smile could serve as an 
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